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Abstract

To unravel the nature of magnetism, an investigation at its fundamental length- and
time-scales has to be tackled. Besides pure research interest of the processes occurring
in nanoscopic magnetic systems in the femto- and picosecond range, advancing knowl-
edge experiences promising applications toward faster non-volatile memory devices with
increased data storage density. However, this exploration demands state-of-the-art exper-
imental setups sensitive to detect the magnetization with superior spatial and temporal
resolution. In this work two new instruments for time-resolved imaging of magnetic
nanostructures have been set up:

A tabletop time-resolved scanning Kerr microscope (TR-SKM) capable of analyzing
the dynamics of patterned magnetic media using the magneto-optic Kerr e ect (MOKE)
in combination with femtosecond laser pulses to carry out stroboscopic pump-probe ex-
periments. With a novel pump approach utilizing a magnesium photocathode as electro-
optical switch, the generation of intense, broadband electronic current pulses becomes
possible for excitation of magnetic systems with the transported transient magnetic
eld. This enables jitter-free measurements on isolated spin-wave packets in permal-
loy (NiggFexg) with a temporal resolution < 30psand a spatial resolution< 560 nm
The spatially and temporally resolved data set permits a global analysis of the dynamic
parameters de ning the wave-packet. For the rst time, a direct observation of backward
volume modes with counterpropagating group and phase velocities in permalloy became
possible.

For examinations requiring an increased spatial resolution, a mobile synchrotron radi-
ation based full- eld time-resolved magnetic transmission X-ray microscope (TR-MTXM)
has been set up at the soft X-ray beamline P04 of the high-brilliance storage ring PE-
TRA Il at DESY with a temporal resolution < 250 psand a spatial resolution< 65nm.
The magnetization of a sample is accessible via the X-ray magnetic circular dichroism
(XMCD). Experiments to stimulate magnetic permalloy nanostructures with synchro-
nized femtosecond laser pulses as well as picosecond electronic current pulses of large
amplitudes have been carried out. Vortex magnetization patterns were forced into a
non-equilibrium state by aligning the majority of the magnetic moments into one direc-
tion and the evolution of the domain pattern destruction and recovery could be monitored
in time. A reproducible recovery of the vortex pattern with stable chirality and polarity
and unusually high vortex core velocities could be observed. Feasibility studies on non-
reversible switching processes in need of an active reset stimulus in magnetic chains and
arrays have been initiated.






Zusammenfassung

Um die Eigenschaften magnetischer Phdnomene zu entschlisseln, ist eine Beobachtung
auf deren fundamentalen Langen- und Zeitskalen hilfreich. Neben rein wissenschaftli-
chen Interessen an nanoskaligen Magnetsystemen im Femto- und Pikosekunden-Bereich,
versprechen tiefere Einblicke unter anderem Anwendungen hin zu schnelleren, nicht tch-
tigen Speichermedien mit wachsender Datendichte. Allerdings verlangt diese Form der
Beobachtung modernste Versuchsaufbauten, um die Magnetisierung einer Probe mit ho-
her raumlicher und zeitlicher Au 6sung zu messen. Im Rahmen dieser Arbeit wurden
zwei neue Instrumente zur zeitaufgeldsten Abbildung magnetischer Nanostrukturen auf-
gebaut:

Ein kompaktes zeitau 6sendes Raster-Kerr-Mikroskop (TR-SKM) fir die Analyse der
Dynamik strukturierter magnetischer Medien mittels des magnetooptischen Kerr-E ektes
(MOKE) in Kombination mit Femtosekunden-Laserpulsen fur stroboskopische Anrege-
Abfrage Experimente. Eine neuartige Pumpquelle in Form eines elektrooptischen Schal-
ters mittels einer Magnesium Fotokathode ermdéglicht die Erzeugung intensiver, breit-
bandiger elektronischer Strompulse, um magnetische Systeme durch das transportierte
dynamische Magnetfeld anzuregen. Dies ermdglicht jitterfreie Messungen an isolierten
Spinwellenpaketen in Permalloy (NggFezg) mit einer Zeitau 6sung < 30psund einer
raumlichen Au 6sung < 560 nm Die orts- und zeitaufgel6sten Daten lassen eine globale
Analyse der dynamischen Parameter der Wellenpakete zu. Erstmals konnten Backward-
Volume Moden mit einer entgegengesetzten Gruppen- und Phasengeschwindigkeit direkt
in Permalloy nachgewiesen werden.

Fur Versuche, die eine erhdhte Ortsau dsung bendtigen, wurde zuséatzlich ein mobi-
les synchrotronstrahlungsbasiertes Vollfeld-Réntgentransmissionsmikroskop mit Zeitauf-
I6sung (TR-MTXM) an der P04 Strahlfuihrung der hoch-brillanten Speicherringquelle
PETRA Il bei DESY aufgebaut, die monochromatische weiche Roéntgenstrahlung ge-
neriert. Dabei lasst sich die Magnetisierung einer Probe Uber den zirkularen magneti-
schen Rontgendichroismus (XMCD) mit einer Zeitau 6sung < 250psund einer Orts-
au 6sung < 65nm abbilden. Experimente zur Anregung von magnetischen Permalloy-
Nanostrukturen mit einem synchronisierten Femtosekunden-Lasersystem und einem elek-
tronischen Pikosekundenpulser mit hoher Feldstarke wurden durchgefihrt. Magnetische
Wirbelstrukturen konnten durch homogene Ausrichtung des Groyteils der magnetischen
Momente in einen Nichtgleichgewichtszustand Uberfihrt werden und sowohl bei Aus-
richtung als auch Relaxation zeitlich beobachtet werden. Dabei war es mdglich eine re-
produzierbare Regeneration der Wirbelstruktur mit stabiler Chiralitédt und Polaritéat zu
erreichen sowie ungewohnlich hohe Kerngeschwindigkeiten zu beobachten. Zudem wur-
den Machbarkeitsstudien zu nicht-reversiblen Schaltvorgangen in magnetischen Ketten
und Feldern initiiert, die einen aktiven Rickschaltimpuls bendétigen.
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Chapter 1

Introduction

Throughout history magnetism has fascinated mankind not only in a pure scientic
background but also in its great potential of applications easing everyday life. The Greek
philosopherThales of Miletus already described the existence of a so calldddestone
attracting iron pieces in the 6™ century BC. Lodestones are naturally-occurring mag-
nets of the mineral magnetite (FgO4). One of the rst applications was the alignment
of small magnetized pieces in earth's magnetic eld used in a compass for navigation.
Many other applications followed and nowadays we are surrounded by magnetism. For
instance, cash and credit cards as well as key cards use a magnetic strip for identi ca-
tion. Electric motors, generators and transformers rely on strong permanent magnets
and elds produced by electromagnets and contribute in the transport sector and in
electric power generation. Strong elds generated by superconducting coils are found in
particle accelerators as bending and focusing elements as well as in medicine in magnetic
resonance tomography (MRT) for detailed imaging of inner body parts.

This work deals with the dynamics of small magnetic structures ranging from length
scales of a few micrometersl(um = 10 ®m) down to nanometers .nm = 10 °m).
Today, nanomagnets can be found in many biomedical applications [17, 159] and for
example work as vessels for targeted drug delivery [10, 47, 193] and release [23] improving
e cacy while minimizing side e ects by controlled concentration of medication at the
intended site of action. Also, a remote control of behavior and signal transport in cells
[48, 141] and neurons [92] is possible and even the apoptosis (programmed cell death) can
be triggered by applying external magnetic elds to the nanoparticlesin vitro andin vivo
[33]. This might lead to new concepts ghting cancer and yet the selective destruction
of tumor cells has been reported [38, 49] even with small permalloy (a nickel-iron alloy
composed of NégFeyp) elements in a magnetic vortex state similar to the ones investigated
in this work [113].

Likewise, magnetic nanostructures are routinely used in data storage devices such
as hard-disk drives (HDDs). The demand for higher storage densities and faster ac-
cess time in memory technology has to be based on primal knowledge of magnetization
processes happening at time scales from picosecondspé = 10 1?s) to femtoseconds
(1fs =10 ®9) and length scales of nanometers to single atoms at once. Advanced data
storage devices rely on a high bit density of nanomagnetic information units close to
each other facing the superparamagnetic limit where the thermal energy is su cient to
destroy the stored information. Concepts like heat-assisted magnetic recording (HAMR)

1In 2013 hard disk drives with an areal density approaching 750 Gbit/in 2 are commercially available.
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are around to overcome this limit by using more stable recording media, however, writ-
ing those materials becomes harder and they have to be heated by a laser during the
storage process. Another approach is the development of bit-patterned media (BPM)
[174, 176] and information storage in lithographically prepared isolated single domain
particles instead of grains in a continuous medium. Both, HAMR and BPM are not yet
commercially available and therefore, the in this work investigated magnetic stability of
nanostructures [99] and the behavior of arrays under read and write processes [2] are
important research topics with direct applications. Magnetic nanodots [36] and storage
units consisting only of a few atoms [139] as well as recently demonstrated read and
write processes on magnetic skyrmions [171] represent only a few examples of the activ-
ity in the scientic community concerning this eld. New memory techniques [160, 37]
toward the replacement of random-access memory (RAM) elements in todays computers
by non-volatile magnetoresistive RAM (MRAM) may lead to a universal memory concept
[169].

Not only the size of storage devices but also the speed of data manipulation and
access is of importance. There seemed to be a fundamental speed limit for the switching
of magnetic structures by eld-induced precessional motion of the magnetization because
below pulse durations of a few picoseconds the switching becomes chaotic and was be-
lieved to be impossible to handle in a controlled manner [197, 12]. However, observations
since 1996 on the feasibility to at least destroy the magnetization [15, 19, 186, 107] or
manipulate the spin-system and domain walls [162] on a femtosecond time scale pushed
this fundamental limit down by some orders of magnitude. The theoretical foundation of
this e ect was controversially debated in literature and eventually lead to an explanation
by superdi usive spin currents [13]. Later, advanced concepts of non-thermal magneti-
zation control [114] and deterministic recording processes solely induced by the light of
circular polarized femtosecond laser pulses [187] were demonstrated. Moreover, in small
ferrimagnetic structures a single ultrashort heat stimulus induced by a linear polarized
laser pulse is su cient to switch the magnetization [156, 168]. For a review of the physics
involved in ultrafast manipulation of magnetism, the reader is referred to [115, 18].

Another technological application of small magnetic devices is the creation of so-called
spintronic devices [218, 27] as logical units to replace nowadays electronic circuits relying
on the motion of charged particles by magnetic circuits. Basic logical elements like NOT
gates [5], atomic OR elements [110] and shift registers [84, 160, 37, 5] have been reported
in the literature. This work also deals with the investigation of spin-waves usable for
magnetic transport of information between devices or for logic operations exclusively
[88, 120, 112, 111, 98].

From a scienti ¢ point of view the ultimate goal in nanoscale magnetic research would
be the combination of high spatial resolution with high temporal resolution in a single
experiment to study magnetism at its fundamental length- and time-scales being able to
create actual movies of the magnetization dynamics. The ideal experiment might look
like a combination of atomic spatial resolution found in scanning probe microscopy with
the temporal resolution available at modern pulsed light sources such as femtosecond
laser systems, attosecondl(as = 10 18s) high harmonic generation (HHG) experiments
or intense free-electron laser (FEL) sources. In order to contribute to the research toward
this goal, two new time-resolved imaging experiments have been set up:

" A laboratory laser-based time-resolved scanning Kerr microscope (TR-SKM) for
larger (micrometer) but fast (femtosecond) systems being able to capture the dy-

2
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namics of magnetic structures with a time-resolution fundamentally limited by the
laser pulse duration and a spatial resolution dominated by the wavelength of the
laser pulses. This experiment relies on the magneto-optic Kerr e ect (MOKE) in
combination with a femtosecond laser for stroboscopic measurements of the time
evolution of the magnetization and uses a novel in-house developed photoswitch
to excite the magnetic system. The setup enables the observation of electron spin
precession and spin-waves o ering direct access to the important high frequency
parameters of magnetic materials. Since the indirect discovery of spin-waves [24],
techniques evolved allowing for direct imaging of the wave [41, 66] and the observa-
tion of e ects like spin-wave interference [124], di raction [143], tunneling [43] and
even Bose-Einstein condensation (BEC) of magnons [42]. The constructed instru-
ment is able to create and detect spin-wave packets similar to [161, 137] and the
unique pump pulse parameters allowed a direct observation of backward volume
modes with counterpropagating phase and group velocities in con ned permalloy
Ims for the rst time. The here established creation of synchronized, broadband,
short, de ned and intense magnetic pump pulses is challenging but indispensable
when aiming for the measurement of undisturbed isolated spin-wave packets.

~

A synchrotron-based mobile and exible full- eld time-resolved magnetic transmis-
sion X-ray microscope (TR-MTXM) for slower (picoseconds) but smaller (nanome-
ter) systems o ering a time-resolution down to the synchrotron pulse duration
at a spatial resolution limited by the X-ray optics. This experiment conducted
at the soft X-ray beamline P04 at the high-brilliance synchrotron-radiation facil-
ity PETRA 1l is able to investigate the magnetization dynamics of previously
excited nanoscale objects by X-ray magnetic circular dichroism (XMCD) spec-
tromicroscopy [180, 191]. When it comes to analyzing magnetic information in
real space with a su cient spatial resolution, X-ray microscopy is a powerful tool
[62, 63, 64, 26, 216] and with this setup the dynamics of arti cially created single
domain states in small permalloy structures could be observed. The analysis un-
revealed new aspects in the dynamic characteristics of domain pattern destruction
and recovery in magnetic vortices exposed to strong magnetic eld pulses. The
vortices represent a multibit memory cell [201, 199, 101, 205, 105] and allow infor-
mation storage in four distinguishable magnetization con gurations if a controlled
manipulation and readout can be achieved. This work demonstrates a reproducible
recovery into a de ned vortex state and unexpected high vortex core velocities ex-
ceeding a reported threshold that should change the magnetization con guration
[133, 83, 211]. Again, the availability of short and intense magnetic pump pulses
is of key importance for all measurements together with a design of the newly con-
structed mobile X-ray microscopy endstation that allows for an easy set up and
alignment procedure.

Combining both experiments shall give comprehensive insight into the dynamics of
coupled nanomagnetic systems. This work provides feasibility studies for systematic
investigations of the switching behavior in a proposed experiment sketched in gure 1.1.
Here, the individual elements are arti cially prepared in a way that they may interact by
means of their stray eld. A fraction of the initially aligned array is switched by a short
and de ned magnetic eld- or laser-pulse. The adjacent bits now switch subsequently
due to the coupling and a wave propagates through the array. One frame of the movie

3
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A

Figure 1.1: Pump-probe and reset sequence of a nanomagnetic array for the exploration
of non-reversible switching processes. After excitation out of a de ned initial state by a
short and con ned magnetic pump pulse the system evolves for a certain time t due to
coupling via stray elds between the nanomagnets. Subsequently, the magnetic state is
captured by a short probe pulse followed by a reset eld forcing the whole array back to
its initial state so that a new pump-probe and reset cycle with di erent t can begin.

capturing this dynamics can be recorded by taking a snapshot of the magnetization at a
de ned time-delay t after the excitation. In order to capture the next frame, the whole
array is reset to its initial state by a magnetic eld pulse and now the experiment starts
over and over again recording other snapshots at di erent time-delays. This pump-probe
approach is widely used in time-resolved (magnetic) imaging of fast processes and caught
broad attention when the Nobel prize for chemistry was rewarded tcAhmed Zewail

in 1999 honoring the development of femtochemistry [225]. Up to now mostly magnetic
systems automatically relaxing to their initial ground state have been explored. Imaging
of a non-reversible process with a nal state being not identical with the initial one needs
an active reset at the end of each cycle ( gure 1.1) and this work demonstrates techniques
toward non-reversible pump-probe imaging.

Understanding the involved interactions is of fundamental signi cance for modern
storage technology and for future spintronic concepts if one thinks of a de ned transport
of information through a magnetic chain or recording in the aforementioned bit-patterned
media. The complex dynamic phenomena of nanomagnetism need the insight gained with
several experimental techniques and expertises in order to disentangle the physics and
obtain a consistent theory of what is really happening at ultra-small length and ultra-
short time scales. To name a few additional experimental approaches, the investigation of
magnetism with HHG sources [175, 203, 198, 127], free-electron lasers [53, 78] or terahertz
spectroscopy [106] is emerging leading to promising new research projects.

t=-45 ps



Chapter 2

Theory

The rst chapter is intended to summarize the established theoretical background needed
to cover most topics embedded in this work. It starts with explaining the origin and fea-
tures of magnetism relevant to this work since the physical insight into the dynamics of
magnetic nanostructures is the main goal. Special techniques are necessary to explore the
world of small and fast magnetic structures and the reader is provided with background
knowledge on the utilized magnetic contrast mechanisms and with basics on X-ray optics,
photocathodes and coplanar waveguides needed to image and excite the samples. How-
ever, the calculation of speci c parameters of the investigated samples goes along with
the compilation of abstract common knowledge to provide examples on the one hand and
to demonstrate anticipated characteristics for later comparison with the measurements.

2.1 Magnetism

Since the discovery of the magnetic properties of théodestonementioned in the intro-
duction, the knowledge of magnetic phenomena improved massively. Figure 2.1 presents
a rough overview of these phenomena sorted into their characteristic length- and time-
scales where the lodestone is represented by a macroscopic magnet in the top left.

A deeper understanding of the nature of magnetism was provided by the electrody-
namic eld theory of James Clerk Maxwell [145] describing electric and magnetic
elds in an elegant way (see equations A.1 - A.4 in appendix A.1) as one uni ed force of
the four fundamental interactions in physics. The Maxwell equations already are invari-
ant under Lorentz transformations and thus consistent with the special relativity theory
of Albert Einstein [52] stating that all physical laws have to be the same in every iner-
tial system which means that the electric and magnetic eld are just two representations
of the same phenomenon.

According to Maxwell's equations the origin of magnetism is an electric current gen-
erated by moving charges. The question arises why an ordinary permanent magnet is
able to produce a magnetic eld without the obvious involvement of currents? In fact,
currents are present and can be found by looking close enough into the structure of mat-
ter. Electrons with an electric chargeq= e and massme orbiting around atomic nuclei
with an orbital momentum T resemble an electric current and thus lead to a magnetic
dipole moment

m = T  with =g (2.1)
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Figure 2.1: Magnetism in space and time: Fundamental magnetic systems and in-
teractions on their natural length- and time-scales. This gure contains material from
[103, 182, 200, 20, 140, 15, 187%]

aThis gure contains material reprinted with permission from the American Physical Society. For
details and links to the articles see references [15, 187]

Here, is called the gyromagnetic ratio with the Landé factorg close to unity relating the
orbital moment to the magnetic moment. Additionally, quantum mechanics tells us that
every electron carries a tiny magnetic moment itself originating from the spins of the
electron. However, due to the Heisenberg uncertainty principle [86], only one component
along a quantization axis (here arbitrarily called z axis) of the angular momentum and
spin vector is observable. To obtain the total magnetic moment originating from angular
and spin momentum vector, a quantum mechanical approach has to be chosen. This
means,T and s have to be replaced by the eigenvalues of the observable components of
the angular and spin momentum operatordi,i and hs,i leading to

h [ o

hmzi = = ghzi + ghs;d with 8% o (2.2)

called the Bohr magneton. Additionally, the Landé factor gs 2 relating the mag-
netic moment to the electron spin momentum is approximately twice as large as the
orbital momentum factor g = 1. The Dirac equation predicts an exact factor ofgs = 2.
Small corrections to this value can accurately be calculated by quantum electrodynamics
(QED). For an electron spin momentum with g5 2 the gyromagnetic ratio of equation
2.1 reads 176 GH=zT.

Depending on how the di erent magnetic moments of the electrons add up or cancel

6
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2.1. Magnetism

out in an atom, a net atomic magnetic moment may emerge. In condensed matter
consisting of a lattice of many atoms, these magnetic moments again may add up or
cancel out concerning the interactions between them. One of the strongest coupling is the
exchange interaction resulting from the Coulomb repulsion force and the Pauli exclusion
principle stating that two identical fermions® must not occupy the same quantum state
at the same time and place. For the magnetic elements iron (Fe), cobalt (Co) and nickel
(Ni) used in this thesis, the exchange interaction leads to a parallel alignment of the
magnetic moments. A macroscopic net magnetic dipole moment density
1 X
M = v Mn (2.3)

n
called magnetization in a nite volume V is the result that generates a eld itself which is
called demagnetization eld Hq inside the medium and stray eld Hg outside the medium.
The origin of those elds can be described by hypothetic magnetic surface charges
representing the sources and sinks of a magnetic eld at the surface of a magnetized
material and are a useful concept of understanding some magnetic phenomena as we see
later. The relation between the total magnetic B eld composed of theH eld and the
magnetization M is given by

and illustrated in gure 2.2. Note that at a boundary between magnetic material and
air in gure 2.2 only the normal component of the B eld is continuous.

_—/'/ Figure 2.2: Ferromagnetic material
with magnetization M generating a

stray eld Hg outside and a demagne-
tization eld Hyg inside the medium.

The relation between M, H and B

according to equation 2.4 is illus-
trated.

In an external magnetic eld Hey the magnetization M can be realigned. The linear
response to the external eld, however, might not be isotropic and is described by the

. o .
magnetic susceptibility ., in the following way:

$ $
M= nH ) B = 0F1_+${Z_m?|=r: (2.5)

r

Materials that align their magnetic moments parallel to the eld direction are called
paramagnetic ( m > 0) while materials generating a magnetization anti-parallel to an

IFermions are particles with a half integer spin or, equivalently, with an antisymmetric wave-function
under exchange of identical particle pairs.

2In reallity isolated magnetic charges do not exist according to the Maxwell equation B =0 and
have not yet been observed experimentally.
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external eld are called diamagnetic( < 0). If all dipole moments are completely
aligned, the material has reached its saturation magnetizatiorM .

2.1.1 Anisotropies and demagnetization eld

The alignment of the magnetization might be preferred along one direction which is often
called easy axis while the alignment along the opposite hard axis requires higher external
elds. This phenomenon is called magnetic anisotropy and originates from several sources
like e. g. the crystalline structure of condensed matter leading to the preferred alignment
along one crystal axis. Besides this magnetocrystalline anisotropy there is also the shape
anisotropy favoring certain directions due to the geometry of the magnetic material.

This work deals with the investigation of the magnetic properties of thin magnetic
permalloy (NiggFezp) Ims or thin cobalt and platinum (Co/Pt) multilayers. Permal-
loy has a negligible magnetocrystalline anisotropy [219] and is dominated by the shape
anisotropy with an easy axis in the sample plane. Contrary, the magnetocrystalline
anisotropy in Co/Pt multilayers is tailored in a way that it dominates and the easy axis
points out of the sample plane (see also gure 2.3).

Figure 2.3: A thin Im of
permalloy is dominated by

the shape anisotropy align- m
ing the magnetization inside
the sample plane. A stack
of Co/Pt multilayers domi-
nated by the magnetocrys-
talline anisotropy aligns the
magnetic moments of cobalt

out of the sample plane (in-
spired by [191]).

(/X (— X\ Pt
DA
900000

The origin of the shape anisotropy is understood by considering the demagnetization
eld. This explanation is inspired by the book of Stéhr and Siegmann [191] and based
on the fact that the properties of thin cavities in a magnetic material are equivalent
to the behavior of the inverse structure, namely thin magnetic Ims. One only has to
interchange the stray eld Hs with the demagnetization eld Hy with an opposing sign.

Figure 2.4: Magnetic thin Im with two
cavities along and perpendicular to the
magnetization direction of M and cor-
responding magnetic surface chargest(
and ). The image also shows the inte-
gration path dras well as the closed sur-
face S with surface normals ds for cal-
culation of the demagnetization eld Hy
and stray eld Hg (inspired by [191]).

Consider a magnetic material with a cavity cut away in the direction of the magne-
tization with an integration path depicted in gure 2.4. Because of the absence of free

8
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2.1. Magnetism

currents the line integral in Stokes' theorem has to vanish according to Ampere's law:
I z
Hdfr= (Hs Hg)dr=0 ) Hs = Hqg: (2.6)

The stray eld Hg inside the cavity has to be quite small because the surface charges
generating the eld are far away from each other. So for a thin Im magnetized in the
sample plane, the demagnetization eldHq4 is small as well. Now, consider a cavity
perpendicular to the magnetization direction and Gauss' theorem integrating the eld
B inside the cavity and By, inside the material over the closed surfacé& indicated in
gure 2.4. Together with i B =0 (absence of magnetic monopoles) we get
YA
(Bc Bm)ds=0 ) B:.= Bnm: (2.7)
s
Since here the normal component of the magnetic inductiorB is continuous on the
boundaries, the stray eld inside the cavity reads according to equation 2.44s = M
and is large due to the small distance between the virtual magnetic surface charges.
Thus, a thin Im magnetized perpendicular to the surface plane would experience a huge
demagnetization eld Hy = Nr. For a spherical hollow inside a magnetized material
the stray eld computes to Hg = %M and in general the demagnetization eld for an
arbitrary shape can be expressed like

Hqg = Itl(f) 191 (2.8)

with N as the demagnetization factor that is a tensor for crystalline materials with possi-
ble spatial dependence on the position vector as well. The trace of the demagnetization
tensor has to ful ll the condition [179]

$ X
i

Analogously to the energy of a magnetic dipole moment in an external eld being

described by the scalar product between the two vectorE = B m, the energy of a
material with magnetization M in its own stray eld Hs is given by
Z
Eq= -2 MHsdV (2.10)
2 vy

Figure 2.5. A uniform alignment of
the magnetization M inside a ferro-
magnetic material results in a large
stray eld Hg that consumes a lot
of energy according to equation 2.10
(left image). A division into two do-
mains reduces the stray eld (center
image) and a ux closure structure of
four domains minimizes the magne-
tostatic energy of the given geometry
(right image).




CHAPTER 2. Theory

and called demagnetization energyeq.
In ferromagnetic materials the magnetization aligned by the exchange interaction
will decay into zones with constant magnetization pointing in di erent directions called
magnetic domains (gure 2.5). A uniform alignment would result in a large stray eld
Hs outside the material connected to the energ\Eq of the con guration. The decay into
multiple domains minimizes this energy because the outside stray eld now only has to
extend from one domain to another at the material boundaries. The domain structure in
general depends on the external eld and also on the anisotropies of the material. The
domain size of a ferromagnetic material with saturation magnetizationM s and exchange
constant A is given by the exchange length
S

2A
lex = M2 (2.11)
because within this length the magnetization is dominated by exchange interaction and
does not vary signi cantly. For permalloy the exchange length measurekx 5 nm using
its exchange constantA = 13 10 12J=m and saturation magnetization M s = 860 KA=m.

2.1.2 Dynamics of magnetism

Figure 2.6:  Precessional
motion of a magnetic mo-
ment m around a magnetic
eld vector H driven by the
torque 9. When damp-
ing is present an additional
torque ~4 pulls the magne- =
tization into the direction

of the eld vector.

The energy of a magnetic dipolem in an external eld B is given by Ep= B
m. In order to minimize this energy, the dipole experiences a torque- = o m H
analogously to a mechanical torque. The dynamics of this motion is described by

h [
dr dm
and leads to Larmor precession with the angular frequency = ojH]. This equation

is onlypvalid if no damping occurs. For dissipative systems a damping term in form of

~4=C m dd—"{‘ with a damping coe cient c has to be introduced into equation 2.12.

This leads to the Landau-Lifshitz-Gilbert (LLG) equation [129, 73, 74]

dm dm
- = + — P .
at o M |=r. T M at | (2.13)
dm h i 0h i

) 1+ 2 i o m H T m m H (2.14)
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2.1. Magnetism

Figure 2.7:  Schematic repre-

|
il - = sentation of the Damon-Eshbach
.TT.]‘TTT IW spin-wave sample. A permalloy
Py

slab of width w, length | and

thickness t magnetized iny di-

S rection by an external bias eld

k Hex IS positioned with a cer-

y tain overlap to the conductor of
an electric waveguide. The sys-

Wave- ﬁ tem is pumped by a short cur-

guide ext rent pulse generating a pulsed

z magnetic eld Tipyse around the

waveguide conductor.

=

pulse

with the phenomenological dimensionless damping parameter that has a value of

= 0:008 for permalloy [94]. Note that equation 2.13 can exactly be transformed
into equation 2.14 by inserting ‘L—T and applying vector algebra. Furthermore, the term

1+ 2 9% can be replaced by2™ to good approximation for small values of .

The magnetic dipole momentm in equation 2.13 is replaceable by the magnetization
M = m;=V when all elementary dipole moments coherently act as one big dipole moment
m¢. This simpli cation is called macrospin model. The LLG equation is the foundation
for micromagnetic simulations predicting the dynamic behavior of extended systems by
solving the LLG equation discretely on a grid and transferring the corresponding inter-
actions between the grid cells. In order to obtain reasonable results, the grid size has to
be smaller than the exchange lengthex given by equation 2.11.

2.1.3 Spin-waves

If in a magnetized continuous medium the spin precession is inhomogeneously excited, the
gyration of one magnetic moment may couple to adjacent magnetic moments. This leads
to the emission of spin-waves also called magnons propagating through the medium. The
coupling is mediated by exchange interaction at small wavelength or dipolar interactions
at wavelength larger than the lattice constant. In this work the dynamics of spin-wave
packets in thin rectangular Ims is investigated by exciting a fraction of the magnetic
Im with a magnetic eld pulse and probing the magnetization spatially and temporally
resolved in a pump-probe approach (gure 2.7). The introduction to the framework
presented in this section is inspired by [119, 142, 123, 89, 90].

For dipolar spin-wave modes the description was rst performed byWalker for
spheroids [210] and byDamon and Eshbach for thin Ims [39] distinguishing be-
tween magnetostatic surface waves (MSSW) and backward volume magnetostatic waves
(BVMSW). In the MSSW modes also called Damon-Eshbach modes, the magnetization
of the sample is perpendicular to the propagation direction of the spin-wave. The am-
plitude of those modes decays exponentially with increasing distance from the surface of
the Im and the wave-vector of the MSSW modes only points into one particular direc-

11



CHAPTER 2. Theory

tion. The group-velocity of MSSW modes is always positive. The BVMSW modes or
backward volume modes experience a wave-vector parallel to the magnetization of the
sample and can also exist beyond the surface. For small wave-vectors the group velocity
of these modes is negative.

Ferromagnetic resonance

As we have seen above while deriving the LLG equation, the precession frequency of a
magnetic moment m in an external eld Hey is given by ! = oiHextj. Generally,
in a medium with a magnetization M not only the external eld has to be taken into
account but also the demagnetization eld Hy. Here, we assume a slab magnetized in
y-direction with the saturation magnetization (My = Ms) by an external eld Hex. The
slab is excited by a dynamic magnetic eld (in this work a eld pulse) fi(t) and we are
interested in the time dependent behavior of the magnetization¥t (t) and the resonance
frequencyf, of the spin-precession (see also gure 2.7).

The magnetic eld generated by the current in the waveguide has only components
in X and z direction and thus external eld and magnetization are given by

h (t) mx(t)

(1) = %Hem V(1) = % (2.15)

hz(t) m(t)

The total or e ective eld Hg (t) now consist of the external elds combined inH (t) and
the demagnetization eld Hy(t) inside the medium according to equation 2.8. Assuming

a diagonal demagnetization tensomN with diagonal elementsN; = N; we obtain

0 1
hy(t) Nxmy(t)

Fe (0= FD+ Fa®= A N M ()= E@ Hea  NyMs §: (2.16)
hz(t)  Nzmg(t)

Inserting 2.15 and 2.16 into the Landau-Lifshitz-Gilbert equation 2.13 together with
a harmonic oscillation ansatzm;(t)= m; €(t*") leads to

0 10 1
@ o[Hext + Ms(Nx  Ny)]+ i! il A @mx(t)A
i! o[Hext + Ms(Nz  Ny)]+ i! ) mz(t)

4
$
X

0 1

= oMs @™ Wa. (2.17)
hz(t)

This equation holds non trivial solutions if the determinant of the matrix

k2

t=-5ps
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2.1. Magnetism

10

Figure 2.8: Ferromagnetic resonance
(FMR) relating the resonant oscillation

Frequency@HZL
D

9 frequencyf to an external eld oHext

for a permalloy slab with Ny = O,

% 50 m <0 50 o0 Ny = 0:902 and N, = 0:998 according
10 Hoyy @10 to equation 2.20.

det X = 2 3[Hex+ Ms(Nx Nyl[Hex + Ms(Nz Ny
+i!l g[2Hext + Ms(Nx+ N, 2Ny)] 12 1+ 2 (2.18)
vanishes leading to the resonance frequency
q

0o
2(1+ 2)

[2Hext + Ms(Nx + Nz = 2Ny)]

AHex + Ms(Nyx  Ny)l[Hex + Ms(Nz  Ny)] MZ(Ny N;)? 2
(2.19)

In the undamped case ( = 0), equation 2.19 transforms into the famous Kittel formula
for the ferromagnetic resonance (FMR)

I q
fr=5t= 70 [Hext + Ms(Nx  Ny)l[Hext + Ms(Nz  Ny)] (2.20)

discovered byCharles Kittel [117] and plotted for a system investigated in this work
in gure 2.8.

For a thin, in nite Im along the x direction the demagnetization tensor component
Ny = 0 vanishes. The componenNy for a nite rectangular thin Im element magnetized
alongy direction is given by [14, 100]

t
arctan
2y +w 2y

t

Ny(y) = 1 arctan (2.21)

3
w

and is furthermore approximated to be constant over the stripe with the value aty = 0

being in the center of the slab. Because of equation 2.9 we get for the trace of the demag-

netization tensor Ny + Ny + N, = Ny+ N, = 1. In order to calculate the demagnetization

factor Ny of a magnetized stripe along the elongated-direction, the coordinates have to

be exchangedy, x) and the width w has to be replaced by the length of the stripe.
With equation 2.22 we then getNy = 0:002 and N, = 0:998 for w = 10 um and

t = 30nm and a resonance frequency, = 7:08 GHz of a permalloy Im in an external

eld of gHext =60mT according to equation 2.20.

1
) Ny(y=0)= — arctan arctan

(2.22)
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CHAPTER 2. Theory

Dynamic susceptibility

The reaction of the magnetization with respect to an external eld is described by the

magnetic susceptibility  in M =  H (equation 2.5). Equation 2.17 that describes
the excitation geometry here and led to the FMR relation essentially is the inverse form
of this equation and can be transformed via

0 1 0 1 0 1 0 1
@mx(t)A :$ @hx(t)A @ X XA @ X(t)A (2.23)
mz(t) hz(t) zx 7z hz(t)

$ $ $
by inverting the matrix in equation 2.17 using X '=adj X =det X . This leads to
the dynamic susceptibility tensor

0 1
$ oMs @ o[Hext + Ms(Nz  Ny)]+ i! il A
- i - .
det X i! o[Hext + Ms(Nyx  Ny)] + i!
(2.24)
which experiences a frequency dependence. The components related to the reaction of
the magnetization z-component m;(t) = (! )hx(t) + 2z(! )h (t) accessible in the

experimental setup read

i! M M Hext + Ms(N N+ i!
zx(! )= *ro S and ZZ(! )= oe ( 0[ e $S( s y)] )
det X det X

(2.25)
$
with det X obtained from equation 2.18. The real and imaginary part of these com-
ponents is plotted in gure 2.9 and shows a resonant response arounfd. Moreover,

100 100

50

Frequency f [GHz] Frequency f [GHz]

(@) Real (solid blue) and imaginary (dashed (b) Real (solid blue) and imaginary (dashed
purple) part of the dynamic susceptibility purple) part of the dynamic susceptibility
component . component ;.

Figure 2.9: Real and imaginary part of the ,x and ., components of the dynamic

susceptibility tensor ~ according to equation 2.25 for a permalloy slab with ¢Mg =
1:040Tand =0:008in an external eld of gHex = 60mMT using the demagnetization
tensor componentsNy =0, Ny =0:002and N, = 0:998

>

t=5ps
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2.1. Magnetism

2x and ,; are phase shifted by 90°. The real part generally resembles the excitation
spectrum when driving the system with a short pulse that delivers a broad spectrum.
The spectral width of the ,x component real part measures 259 MHz FWHM.

Quantized spin-wave modes and dispersion relation

The calculations sketched out here base on the work dfalinikos and Slavin  [104] who
calculated the dispersion relation for a thin ferromagnetic Im. The work was extended by
Guslienko et. al. [79, 80] to small rectangular thin Ims. A reasonable approximation
is neglecting the crystalline anisotropy of permalloy in all calculations [219].

In small magnetic rectangular structures, the spin-wave vectork is quantized ac-
cording to the geometry boundaries namely widthw, length | and thicknesst of the
Im:

0o 1

ke O 1 0k 10 1
k=%knyE=@:”A with  ~pn=@ " A=@%° A g mnp2N:
Kpz N

)

kny w

e

(2.26)
Because the structures in this work are thin Ims, propagation in z direction is neglected
(p =0 ) Kkpz =0). Therefore, the K vector reduces to~n, from equation 2.26. A
uniform radio-frequency (RF) eld can only excite odd modes ofkmx and kny due to
symmetry [118]. Furthermore, an e ective stripe width we and length | is introduced
[80] due to dipolar pinning at the stripe boundaries reducing the magnetization because
of the emerging demagnetization eld. Equation 2.27 notes the calculation of the e ective
width we that can be transformed into the calculation of the e ective length | as well
by replacing w with |[:

d . _ 2
We = W q 3 with d= T o L

w w

(2.27)

The calculation of the dispersion relationf (k) is carried out in [79] and leads to

S
f(~mn) = TO He + OMSj~mnj2 He + 0M5j~mnj2+ MsFmn (~mn) :
(2.28)
Here, A is the exchange constant and
!
k3
Fon(=mn) =1 P(~mn) 7)/2
J=mn] |
M ' K2,
+ P(~ 1 P(~ - - 2.29
( mn)[ ( mn)] He + gasj~mnj2 J"'mn]z ( )

with
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10.0,

Frequency [GHz|

Group velocity [km/s]
]

6.5

0.0 0.5 1.0 1.5 2.0 25 3.0 0.0 0.5 1.0 1.5 2.0 25 3.0
Wave vector k [,um_l] Wave vector k [,um_ll

(@) Spin-wave dispersion relationf (k) accord- (b) Group velocities vy = %( obtained by the

ing to equation 2.28. rst derivative of equation 2.28. The group

velocity for the rst DE mode peaks at k =
0:37um ! with a value of v4 = 5:98 km=s.

Figure 2.10: Spin-wave dispersion relation and group velocities for the rst possible
Damon-Eshbach (solid lines, bluek; and red K3) and backward volume (dashed lines,
yellow K1 and greenksz) modes of a permalloy slab withw = 10 ym, | = 35 um and

t =30nm in an external eld of gHex =60MT.

1 eXp(j ~mnj 0
j~mnj t

the dipole interaction tensor in order to take into account the dipolar coupling present

in the system.

As demonstrated in the previous section the e ective eld He in equation 2.28 is
given by the external eld Hey and the demagnetization eldHe = Hext Ny(y =0) Ms
but here only in the direction of the acting external eld. The y componentNy of the
demagnetization tensor is approximated by equation 2.22 [14, 100].

The single modes propagating with a phase velocitw,, = !=k in a rectangular
permalloy structure will interfere generating a mode pattern consisting of the super-
position of all excited modes. Since the amplitudea,, of the individual modes de-
creases with increasing mode number a&, / 1=m [118], only the rst two odd modes
are assumed to be dominant. Generally, these modes are phase shifted by an angle

= j'1 ' 3] with respect to each other. Considering the aforementioned arguments,
the z-component of the magnetization observable in the experiment can be described
similar to [124, 123, 142, 161, 137] by

P(~mn)=1 (2.30)

- t (x vg t)?
. ap . 3
| — N | '
a; sin e y coskx It)+ 3 sin e y coskx It +') (2.31)

for a wave packet traveling with a group velocity of

_@! @wh
T ek ek

Vg (2.32)
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2.1. Magnetism

which may be negative for BV modes with smallk vectors (see gure 2.10b) and in
that case represents counterpropagation of phase and group velocity. Furthermore, the
wave packet is temporally con ned by its duration (t) which may experience a time-
dependence if dispersion is present. The temporal damping constantis related to the
dimensionless damping parameter via the imaginary part in equation 2.19 and reads
in the present case of low damping (> 1 because = 0:008for permalloy [94]):

0[2Hext + Ms(Nx + Nz 2Ny)] .
> :

If the wave packet duration (t) increases over time, the peak amplitude further di-
minishes with respect to time due to distribution of the constant total energy of the
wave packet over the pulse duration. An additional decrease of the spin-wave amplitude
with respect to the propagated distance may be present due to inelastic energy transfer
between neighboring spins along the propagation path.

When we consider an excitation with a broadband pulse con ned both in time and
in space due a nite overlap with the waveguide ( gure 2.7), the response related to the
kx components is more generally described by [137]

Z kc
Mo(x;t)/ et P(k;! (k)) sin(kx ! (kK)t+"')dk (2.34)
0

(2.33)

where P (k;! (k)) describes a weighting function of thek-vectors due to the spectral
density and k¢ is a cut-o wave number useful for numeric integration. A representation
of the pump pulse
X &+ (t to)?
- exp > 2
used in the experiment is plotted in gure 2.11a with a Gaussian envelope of = 10 ps
duration and a spatial con nement given by a rectangular pulse function ( x) de ning the
overlap between magnetic layer and waveguide conductor ofy = 5 um. The weighting

he(X;t) = ho (2.35)

20

(=3
1%,

e 150
0 100
Position x [pm] ”

IP(k, (k)| [arb. u.]
=
o

1%,

50
Time t [ps]

\ £ 00 o5 10 15 20 25 30
10 —s50 Wave vector k [um™]
(a) Spatially and temporally con ned Gaus- (b) Spectral density of the excitation pulse
sian excitation pulse hy(x;t) of =10psdu- P(k;! (k)) /] hx(k)j jhx(!)j (solid yellow)
ration and = 5 um overlap with the mag- containing the spatial part jhy(k)j (dashed
netic system in real space. blue) and temporal part jhy(! (k))j (dashed
purple).

\\0

Figure 2.11: Excitation pulse in real spacehy(x;t) and reciprocal spaceny(k;! ).
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function now is generally composed of the modulus of the Fourier transformation in space
and time P (k;! (K)) /j hx(K)j jhx(!)j [137, 161] and depicted in gure 2.11b. The spatial
part jhy(k)j resembles asinc (k) function corresponding to the Fourier transform of the
rectangular pulse. Since the transformation of a Gaussian gives another Gaussian, the
temporal spectral shapejhy(! )j remains where! (k) was obtained from the spin-wave
dispersion relation in equation 2.28. Due to the broadband pulse, the temporal part
is almost constant and the form of the excitation spectrum is dominated by the spatial
con nement jhy(k)j [137]. It should be noted that the spectrum is only an approximation
to get an idea of the shape and excitable wave vectors because the eld distribution is
not realistically modeled by a rectangular function as we see later in gure 4.3. A more
accurate spectrum should be obtained by including the inhomogeneities of the excitation
eld in overlap with the magnetic system into the calculation.

2.1.4 Magneto-optic Kerr e ect (MOKE)

The fact that the polarization plane of a linear polarized beam re ected by the surface of a
magnetized medium is rotated is described by the magneto-optic Kerr e ect (MOKE) and
was rstdiscovered by John Kerr  [108, 109]. Phenomenologically, on a microscopic level
the incoming light beam interacts with the electron cloud of the atoms inside the magnet
and slightly polarizes the initially spherically symmetric charge distribution by driving
its motion along the light eld polarization. A present magnetic eld inside the medium
would lead to a Lorentz forceF = g(v B) on the quivering electrons perpendicular to
the magnetic eld direction adding another oscillation amplitude parallel to the direction
of this force. Eventually, this oscillation of charged patrticles transfers photons into the
re ected light eld with an additional polarization component. A quantum description
of the e ect not explicitly presented in this work yields the insight that the spin-orbit
interaction which couples the spin of the electron to its orbital motion connects the
magnetic and optic properties.

An incident beam on a surface can be described in the basis of circular positive and
negative helicity. In a more detailed calculation carried out in appendix A.1 it becomes
obvious that di erent helicities experience individual indices of refraction

(a) Polar (P-MOKE) (b) Longitudinal (L-MOKE) (c) Transversal (T-MOKE)

Figure 2.12: Magneto-optic Kerr e ect (MOKE) in polar, longitudinal and transver-
sal con guration determined by the direction of the magnetization with respect to the
incident beam.

-

t=25ps
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Kerr angle ¢ [°] Ellipticity ¢ [°]
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Angle of incidence [°] Angle of incidence [°]
(a) Kerr rotation (b) Kerr ellipticity ¢

Figure 2.13: Kerr rotation | and ellipticity § for bulk permalloy magnetized out
of the sample plane with its saturation magnetization Ms in P-MOKE con guration
according to equation A.69 and A.70 calculated with the theory in appendix A.1 and A.2
with the parametersn = 1:69 + i2:69 and Q = 0:01012 i0:005[152] for a wavelength
of =515nm. The solid blue curve applies fors-polarized light and the dashed purple
curve for p-polarized light.

p_.— 1
n |-{n£-} 1 éQ & (2.36)

with the Voigt vector Q [208, 130] introduced in appendix A.1 that describes the magneto-
optic properties.

Using the Lorentz force, this is also understandable intuitively because right hand
polarized light forces the electrons into right circular motion and vice versa. A magnetic
eld pointing into the photon propagation direction € leads to a Lorentz force toward
or away from the center of the circle reducing or enlarging the radius of the orbit, re-
spectively, giving rise to di erent optical properties for each helicity. That means after a
certain distancelL a phase di erence is accumulated as well as a di erence in absorption
is experienced corresponding to a rotation of the polarization and a change in ellipticity:

L n* n iQ : (2.37)

K =
Note that g is is a complex number relating the Kerr rotation | to the real part and
the ellipticity ¢ to the imaginary part via the equations A.69 and A.70 in appendix
A.1 and A.2 where the calculation of the Kerr angle is done explicitly. These values
are depicted in gure 2.13 for permalloy with respect to the incident angle. The e ect
is maximal at 0° incident angle for the polar MOKE case which is used in this work.
Note that for the wavelength of = 515nm available in this setup also the ellipticity is
negligible with respect to the Kerr rotation.

2.1.5 X-ray magnetic circular dichroism (XMCD)

Soft X-ray radiation is a superior tool for the investigation of magnetic nanostructures
because it combines the advantage of a high spatial resolution due to the small wave-
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length with element speci city by selecting particular atomic transitions at an appropri-
ate photon energy. Additionally, these advantages are extended by a magnetic contrast
mechanism called X-ray magnetic circular dichroism (XMCD) discovered in the pioneer-
ing work by Gisela Schitz in 1987 [180] enabling the detection of the magnetization
in a sample.

When working with circularly polarized light routinely available at bending magnets
in a certain radiation cone and in helical undulators at3® generation synchrotron radi-
ation facilities (see also chapter 4.6), the orientation of the magnetic moment in atoms,
clusters, molecules and condensed matter becomes observable with XMCD spectroscopy.
Supplementary, the element speci city facilitates a disentanglement of the magnetization
in compounds like alloys or multilayers where is it possible to map the magnetic contri-
butions to the individual elements by analyzing XMCD data at the corresponding atomic
transition edge. One possibility to obtain an XMCD signal is monitoring the transmitted
X-ray intensity

_ , . _ a Na
1(z)=1o e with = T ——— (2.38)
Mm
behind a sample of thicknessz = d given by the Lambert-Beer law with the absorp-
tion coe cient containing the cross section and the target particle density 1
computable via the molar massMp,, material density and the Avogadro constant
Na = 6:022 10%®mol ®. Essentially, now the transmitted intensity of 3d transition
metal elements at theL absorption edge di ers for circular polarized light of opposite
helicity with respect to the orientation of the magnetic moments projected onto the pho-
ton propagation direction. The change in the absorption coe cient is calculated by
determining the cross section via Fermis golden rufe

i i/ih ¢jHj iii? D (E): (2.39)

Here, mutual helicities experience a varying density of nal statesD (E;) while the
transition matrix element jh ¢jHj ;ij2 remains constant for both polarizations.

The variable density of states becomes obvious by exemplifying the process more
vividly in a picture shown in gure 2.14a. By absorbing a photon with de ned helicity,
a spin polarized electron can be released out of a spin-orbit split inner shell via the Fano
e ect discovered by Ugo Fano [58, 59] where the angular momentum of the photon is
partly transferred to the electron spin via the spin-orbit coupling. This (virtual) electron
may now be reabsorbed immediately in the3d shell 2p! 3d transition) partly lled up
to the Fermi energy Er. Now, in a magnetized material thed valence band is unequally
lled with spin-up and spin-down electrons with respect to the magnetization and since
in a dipole transition the spin angular momentum remains constant, the density of nal
statesD (E;) is di erent for the spin-polarized electrons and the transition rate changes.
So to speakD (E¢) acts as a detector probing the number of emptyd states and thus the
magnetization component in the propagation direction of the photon beam because the
gquantization axis is de ned by the magnetization vector M. This measurement can be
carried out at both ne structure transitions from an initial 2ps;-, or 2p,-, state referred
to asL3 and L, absorption edges, respectively. The XMCD contrast reverses from thies

3An almost identical equation for the transition matrix element in Fermis golden rule was rst pub-
lished by P. A. M. Dirac  [46] and G. Wentzel [213]in 1927. Because of its signi cance,E. Fermi
himself called it Golden Rule No. 2 in his nuclear physics lectures [60].

-
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XMCD contrast.

Figure 2.14: Origin of the XMCD contrast and example spectra for the elemental
ferromagnetic elements iron, nickel and cobalt.

to the L, absorption edge (compare gure 2.14b) because of the inverse spin polarization
of the electron due to an opposite spin-orbit coupling, namelyt + s for 2p;—, and| s
for 2p;-,, that is responsible for the angular momentum transfer from the photon to the
electron [190, 189].

Figure 2.14b presents the absorption of the in this work investigated ferromagnetic
elements iron, cobalt and nickel at di erent photon helicities. By subtraction of both
curves, the XMCD signal can be obtained. The di erence cross section compared to the
polarization averaged signal at thel 3 absorption edge typically measures xycp = =
23% for iron and xmcp = = 13% for nickel. By obtaining a normalized di erence
signal for the acquired intensitiesl  this results in

1+ lo @ (+ xvep )d g ( xmcp )d

I+ +1 lo e (* xveo )Jd+e ( xmco )d = tanh( xuco d): (2.40)

2.2 Diraction

Diraction is a phenomenon that occurs when a wave passes an obstacle and is most
pronounced when its wavelength is comparable to the size of the obstacle. A vivid
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representation of the physical process was given bZhristiaan Huygens [93] and
Augustin-Jean Fresnel [68, 69] stating that every transparent point of the obstacle
becomes a point source of a spherical wave being able to interfere with each other.

2.2.1 Diraction gratings

In this work several di ractive elements in zone-plate lenses or spectrographs are used.
All gratings rely on the principle of a light eld being modi ed by a periodic structure
that transmits or re ects the beam only partially. The periodicity of the modulation

is quanti ed by the grating constant d. For monochromatic light this leads to positive
interference of the light eld if the path di erence equals to integer multiples of the
wavelengthn . This condition is ful lled at de ection angles ' in equation 2.41:

= n =d sin() 8 n2cZz: (2.41)

Those kinds of gratings are commonly used in spectrographs, as di ractive lenses or as
dispersive elements in laser systems e.g. for frequency stabilization, laser pulse stretching
or compression. When using di raction gratings in a spectrograph the resolving power

=N (2.42)

is of interest which includes the spectral resolution  and depends on the number of
illuminated line-pairs N and the di raction order n. Combining a transmission grating
with a slit of width D perpendicular to the grating lines leads to a compact spectrograph
[217]. In this case also a geometrical resolution limit

D+q N D

g b
has to be taken into account because the shadow image of the slit is di racted by the
grating with period d. The spots of two adjacent wavelengths can only be separated if
their slit shadows projected by a source of sizg at distance g do not coincide on the
detector at distance b (compare also gure 5.6).

9~ (2.43)

2.2.2 Diraction limited resolution

In general the resolution of an optical instrument with a focal lengthf operating at
a certain wavelength is said to be diraction limited if the calculated spot size by
geometrical optics is below the Airy disc size determining the diraction pattern of a
single point at a circular aperture of diameterD = 2a. The properties of an optical
system are commonly summarized by theé -number N = f=D (sometimes written in
form of the entrance pupil f=#) described by the focal lengthf divided by aperture
diameter D. In case of a circular aperture (i.e. circular shaped optics) the Airy pattern
is the point spread function (PSF) of the optical system describing the impulse response
of an optical assembly. This means that in the image plane every in nitesimally sharp
point of an object gets convoluted with the Airy disc intensity distribution

2J1 (kasin( )) 2= 2 =
kasin( ) 0 ~

()= 1lo

s
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Figure 2.15: Generation of the Airy pattern by di raction at a circular aperture and
approximation of the Airy function by a Gaussian.

with respect to the diraction angle . Here, J; is the Bessel function (of the rst kind)
of order 1 and q the radial distance from the center (compare gure 2.15a). Equation
2.44 can be obtained by calculating the squared modulus of the Fourier transform of a
circular aperture with radius a at a distance R.

Now, according to Rayleigh's criterion commonly used in microscopy, a feature is said
to be resolved if the maximum of the Airy disc of one point in the image coincides with
the rst diraction minimum of the neighboring point. For this purpose, the rst root
of equation 2.44 has to be found. Knowing that the rst zeros of the Bessel function
Ji(xg) = 0 arexp 0; 3:8317 ::: it is sucient to compare these numbers with the
argument of J; in equation 2.44. This argumentkasin( ) = 223 = -3 may be rewritten
with respect to the radial coordinate q assumingf R and using the de nition of the
f-number N = f=D. A comparison with X directly leads to the diraction limited
resolution | = Orayleigh determined by equation 2.45 expressed here for optics with a
numerical aperture NA = nsin( ) specifying the maximum half angle under which
light may reach the optics:

f
=122 N =1:22 5 =122 5 (2.45)

However, this only applies to an Airy disc PSF and varies for other impulse response

functions. For example, dealing with a Gaussian PSF de ned like
¢

22

with respect to the radial distance g, means that we have to adjust the width  of the

function in a way that it ts bestthe form of the Airy pattern in order to use the resolution

limit given by equation 2.45. The best least squares t is obtained for 0:43N and

demonstrated in gure 2.15b. So, the di raction limited resolution for a Gaussian PSF

of width

1 () = loexp (2.46)
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0:43 N ) =043

5 NA (2.47)

is equivalent to a resolution | determined by the Rayleigh criterion given by equation
2.45. In order to determine the resolution or the width of the PSF of an optical system,
an in nitesimally sharp edge with a transition much smaller than the resolution of the
system can be imaged. In the image the edge described by a step function would be
convoluted with a Gaussian PSF. This convolution

Z X
1(x) = lo+ sz erf ié?xo with  erf(x):= p= e “dt  (2.48)
0
is known as error function. If, for example, the width of a Gaussian PSF in the error
function of equation 2.48 is tted to a dataset in order to obtain the resolution of a
system, the resulting width has to be multiplied by a factor of 1:22=0:43 = 2:84 to be
comparable with the resolution de ned by Rayleigh's criterion for an Airy disc PSF.
Lastly, it should be noted that the Rayleigh criterion is only applicable for incoherent
light. When dealing with coherent illumination, the discernibility of two points is in u-
enced by the phase distribution associated with the object and may increase or decrease
dependent on the relative phase between the points [75]. Another resolution criterion
readily generalizable to coherent illumination [85] is the sparrow criterion

| =0:94 (2.49)

2 NA
stating the distance between two points where the imaged contrast vanishes completely.

2.2.3 Zone plates

Since in the soft X-ray regime refractive optics are hard to build due to the high absorp-
tion in nearly every material, re ective or di ractive optics are commonly used. Circular
di raction patterns named zone plates act as optical elements with a xed focal lengthf
for a given wavelength . The calculation of zone radiir, appeared st in literature by

4,
A,

A
h 4
A
4

g b

Figure 2.16: Calculated image of a zone plate and construction of the path di erence
= 1+ o at a certain zone radiusr, with respect to object and image distanceg
and b.
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Soret in 1875 [183] and follows the approach in equation 2.51 where the path di erence
is calculated with respect to object and image distance and b, respectively. Figure
2.16 illustrates the construction of the path di erence.

1=p92+r% g z:pb2+r% b (2.50)

= 1+ z=pgz+r%+pb2+r,% b g=’nE (2.51)
Every boundary between opaque and transparent areas and vice versa counts a zone.
The optical path di erence has to be equal ton . If now every second zone is
absorbing the radiation, the diracted photons of the object constructively interfere
(path dierence n ) at the image distanceb of the zone plate and for every di raction
order n another image appears. In order to calculate the focal length of the zone plate,
one has to use the lens equation

e (2.52)

and resolve equation 2.51 ta'2. Terms of higher order thann? 2 are neglected because
in general is small compared to the distancebd and g. The calculation is carried out
in detail in appendix A.3 and leads to

n2 2
r2 nf t=; 8 n2N "~ g+ b: (2.53)

The circular di raction pattern of the zone plate according to this equation shown in
gure 2.16 basically resembles the di raction pattern of a singular point, so every point
in the sample plane is imaged by the zone plate into the image plane. By neglecting the
second term in equation 2.53 we can calculate the derivative of the approximated zone
radius with respect to n

R L ) o

dn ~ 2"nf ~ 2n " 2n "T 2n
and obtain the width  r, of one zone fordn = 1. This enables the calculation of the
numerical aperture

(2.54)

'Nn .

NA R with f
for a zone plate with a diameter of D = 2ry where N is the total number of zones
and ry the radius of the outermost zone. In the calculation a combination of equation
2.53 and 2.54 has been used to replace the focal distante It turns out that the
numerical aperture only depends on the wavelength and the outermost zone widthry =
rn' rn 1. Despite the short wavelength available in the soft and hard X-ray regime
corresponding theoretically to a spatial resolution in the order of , the actual resolution
is usually limited by the optics i.e. the zone plate and reads in this case (compare also
equation 2.45 from the previous chapter)

_ 2rn In, (2.55)

| =1:22

s NA =122 (2.56)
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Note that the resolution is only determined by the outermost zone width depending on
the fabrication capabilities of the zone plate manufacturer and is physically a measure of
the highest transferable spatial frequency through the optics. The depth of eld (DOF)
of a zone plate is given by

DOF = (2.57)

2 (NA)Z
measuring the distance in front of and behind the focus where objects appear acceptably
sharp.

The last discussed feature of a zone plate is the e ciency. For absorbing zone plates,
ideally 1= 2 10 % of the incident power is distributed into the rst di raction order
while 50% is absorbed by the opaque zones, 25% transmitted in zero order, 12.5%
di racted into negative orders and 2.5% to higher positive orders [195].

2.3 Photocathodes

For the excitation of a magnetic system, a short magnetic eld pulse has to be generated
out of a current pulse of certain amplitude. Photocathodes can be used for this purpose
and are based on the photoelectric e ect that describes the emission of electrons from a
solid surface on illumination with light of a certain wavelength. The correct theoretical
description of the photoionization of solids was rst described in 1905 byAlbert Ein-

stein in his Nobel prize awarded work on the photo-e ect [51] by introducing a quantized
nature of light. He found that photoionization only occurs if the energyE of the incident
light, connected to its frequency via Epy = h , exceeds the work functionW of the
material which is the energy needed to release an electron into the vacuum continuum.
The kinetic energy of the electron

Ekm = h W (2.58)

is then solely dependent on the photon energy. Later, in 191Robert Andrews Mil-

likan experimentally veri ed the proportionality factor h =2 ~=6:626 10 %*Jsas
the Planck constant [149, 163]. Up to then this was a contradiction to classical electro-
dynamics where the intensity should be responsible for the kinetic energy of the electron.
However, in the correct description the number of released electrons is determined by
the intensity. One parameter measuring the performance of the photocathode is given
by the quantum e ciency

Ne

QE = N (2.59)

which is the ratio of generated electrons\ per incident photons N, hitting the cathode.
The number of electrons is given by the released charggdivided by the charge of one
electrone and relates in a pulsed operation to a current with a peak amplitude of q=
when speci es the pulse duration. The number of corresponding photons in a laser pulse
can be estimated by

= Epse i Epise = —  and  Egn = he (2.60)
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where Epp, is the energy of one photon ancEpyse the laser pulse energy determined by
the average laser poweP and the repetition rate f . In high electric elds E supplied by
an anode the quantum e ciency

s
e P

QE=A(h W)> with W=W, i
0

E (2.61)

can be increased due to a lowering of the work function [221, 151] which is referred
to as the Schottky e ect. In equation 2.61 A is a constant depending on the material
properties (absorption coe cient, density of states) as well as the polarization and angle
of the incident light [184], Wy is the work function at zero eld and is an empirical eld
enhancement parameter dependent on the surface quality of the cathode. A perfectly
polished at cathode surface corresponds to = 1 and the factor increases with the
surface roughness [76] leading to a bigger local electric eld amplitude at surface spikes
thus boosting the QE. However, care has to be taken when applying a high bias eld
because those spikes might lead to electric discharge sparks from the cathode to the
anode.

When working with ultrashort and intense laser pulses, a lot of electrons will be
released simultaneously screening the cathode surface from the electric eld applied to
remove the electrons. This dense cloud of electrons additionally experiences a strong
repelling force due to the negative charge of each particle and is often referred to as space
charge. The space charge limited current of an anode is determined by the Langmuir-
Child law [32, 131]

=) s= %0 B SU7
a 9 me d
and for an anode surface are® at an anode to cathode distanced this current is pro-
portional to U§’=2 when U, refers to the extraction voltage applied to the anode. The
con nement of the released electron bunch is an important parameter when using photo-
cathodes as electron source for particle accelerators because for instance in synchrotron
radiation facilities it determines the maximum reachable brilliance of the storage ring.
The degree of con nement is further characterized by a parameter called emittance which
is not discussed here due to its irrelevance to this work where the cathode is only used
as a pulsed current source and where the electron bunch is terminated directly at the
anode surface.

(2.62)

2.4 Coplanar waveguides

The de ned pulses created for example by the photocathode have to be delivered into
the interaction region without distortion. Because the exciting pulse is quite short it
is composed of high frequency (HF) components in the microwave (MW) to terahertz
(THz) range and care has to be taken considering the transport of the pulse. A matched
impedance regarding pulse insertion and termination is mandatory for the waveguide and
losses as well as dispersion have to be avoided as far as possible.

In the microwave regime there are several possibilities to design such a waveguide
for example a microstrip line, a slotline or a coplanar waveguide (CPW) that is used in
this work. The CPW was rst suggested by Wen in 1969 [212] and can be imagined
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Figure 2.17: Metallic coplanar
waveguide (CPW) of thickness
t on a substrate of thicknessh.
The signal conductor (width w)
is separated from two ground
planes by a gap of widthg.

as coaxial HF-cable projected onto a surface. Figure 2.17 shows a central conductor of
width w surrounded by two ground planes in a distancey on a substrate of thicknessh.
By making use of conformal mappings (angle conserving transformations), the capacity
can be calculated by taking into account the curved structure of the electric ux lines on
the air/vacuum (" ") side of the substrate and the eld lines through the substrate
with dielectric constant " = "¢ ", and thicknessh.

Starting with an in nitely thick substrate, the capacity per unit length of every half-
space measures

K (k1) . W
r m with ky = w+2g
which includes the waveguide geometry in the constank; and uses the complete elliptic
integral of the rst kind K (k1) and it's complement K 4{k;). By adding both capacities
of the air/'vacuum and substrate half-spaces, the total line capacityC with an e ective
permittivity " = ("; + 1)=2 can be obtained. The characteristic impedance of the
waveguide is then given by

Ci2=2 "o " (2.63)

30 Kky)
Z=p—= : 2.64
T Kk (264
Taking into account the nite substrate thickness h, the e ective dielectric constant
changes to
"1 K(ka) Kky) . sinh W
" - 1+ r th k = —4h 2 5
: 2 KAkz) K (ka) " ’ sinh % o

Furthermore, the e ects of nite metalization thicknesses of signal and ground conductors
can be included into the model as well. To do this, gap and conductor width as well as
ki and"e are modied to e ective values with a correction factor

Y25t i 4TW (2.66)

which is dependent on the metal thickness. The waveguide parameters then transform
to the e ective values
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W) We =W+ (2.67)
g) G =0 (2.68)
_ We |
ki) ke = Wet 20 (2.69)
07 (e 1) L
m llt — n g-
e ) "e ="e KiD) 107 ¢ (2.70)
K 9(k1) g

With the equations given above the geometry of the waveguide can be calculated for a
given impedanceZ and vice versa. An analytical model also is available for multilayer
substrates [16, 31, 25].

The transmission losses in a waveguide are composed of ohmic contributions by the
conductor, dielectric contributions from the substrate and losses due to radiation or
surface waves and higher order modes [97]. The dielectric losses are described by

4= poe — 11 — tan( ) (2.71)

e r

and are negligible for a loss tangent ofan( ) < 10 3 [97] which is the case for all used
materials except FR4 (see chapter 4 and appendix B). The ohmic conductor losses can
be obtained by conformal mappings of the current density and were rst reported in [158]
and applied to a CPW in [71]

_ Rs Pre 2 L 4w k)
°7 480 K(k)Kqky) 1 k2 w t(1+ ki)
2 4 W+29)(1 ki)
w2 +In A (2.72)

forallt> 3,t w and t g. Notable is that the ohmic losses in equation 2.72
increase with surface resistivityRs and decrease with conductor widthw and metallic
layer thicknesst. As a rough estimate for the highest transmittable frequency through a
CPW, the cut-o frequency

fo= —po (2.73)

of the TEg mode can be used [65, 70] and it becomes obvious that thin substrates with
a high relative permittivity support high frequencies. Furthermore, the transmission of
HF-signals leads to the skin e ect stating that almost the whole charge transfer takes
place at the surface of the conductor. The current densityj at a high frequency f
decreases exponentially from the surface with a certain skin depth depending also on
the conductivity and magnetic permeability = o .

i=js exp d with = P (2.74)
0r

The transversal external magnetic eld amplitude hy can be calculated with help of
equation 2.75 by using Stokes' theorem and the Maxwell equations. It depends only on
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the current | and waveguide widthw if higher order terms of the waveguide thickness
are neglected:
zZZ zZZ I

= fds= F hds= hdr=2whe+ O(t): (2.75)
S S @S
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Chapter 3

Simulations

This chapter summarizes simulations that were carried out both before the experiments
to improve the design of the setup and the sample system and afterwards to further
improve the analysis of the measured data. Some additional simulations and calculations
e.g. on magnetic elds of the waveguide and the reset coil in the experimental design
and setup chapter are presented later since it is more convenient to show the computed
output in line with the sketch of the experimental surroundings.

3.1 XMCD signal to noise ratio

The quality of the XMCD data depends on the converted electrons in the charge-coupled
device (CCD) detector emerging from the collected photons and is subject to four major
noise sources. First, a photon is absorbed in the CCD silicon depletion layer with a prob-
ability given by the quantum e ciency QE and generatesNe = Epn=3:65€V electrons
depending on its photon energyE, and the threshold for electron-hole pair creation in
silicon of 3.65eV [146, 8, % 164]. The number of produced electrons is subject to uctu-
ation and varies with = = F N¢ where F denotes the Fano factor [57] that measures
F = 0:115for silicon [4]. The mean number ofN generated electrons in the CCD chip
contributing to the image information is goMerned by photon shot noise described by
a Poisson distribution and ?f:iles ith = " N which means the signal to noise ratio
(SNR) is proportional to N= N = N. Read out noise originates from transferring the
electrons out of the CCD chip with subsequent ampli cation and scales with the number
of electronsN, generating the read noise. This factor can be minimized by keeping the
read out rate small, which, however, means more time is necessary to acquire an image.
The last contribution results from a dark current |4 measured in electrons pixelt s71
and scales withl4 t given the integration time t. Chip cooling prevents this e ect to
dominate. Overall, the signal to noise ratio reads [7, 166]

N . Eph
SNR = b with- N = It QE Ne and Ne= P
"N+F N+ lgt+ N2 et QF N ° 365eV
3.1)

for an incident photon ux Ip, in units of photonspixel* s™1. The expected digital
counts C in the detector acquired by the camera software are predictable by dividing
the number of generated electrondN by the gain factor which quanti es the necessary
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Figure 3.1:  Simulation of the
XMCD signal (I* | )=(I"+1 )
on a 1024 pixel 1024 pixel detec-
tor generated by patterned 10 nm
thin permalloy rows with alternat-
ing magnetization direction tilted
at # = 70°. The calculated image
at the nickel L 3 edge after 1 s expo-
sure for each helicity includes op-
tics and sample transmission, de-
tector QE, photon to electron con- |
version, Fano noise, photon shot
noise, dark current as well as read-
out noise.

electrons to create an analog-to-digital unit (ADU). An estimation of the counts and
the noise level on a detector in an X-ray microscope is possible starting with the pho-
ton ux (here 8.75 100 photons/s at the operating photon energie$ [45]) and taking
into account the transmission through condenser, zone plate (typically 10 % di raction
e ciency for each optical element as reported in section 2.2.3) and sample. The sample
absorption is modeled by equation 2.38 using the cross sections given in gure 2.14b
and the attenuation coe cient for the silicon nitride membrane [195, 87] serving as soft
X-ray transparent substrate material in the sample preparation process. Furthermore,
the noise characteristics N;, 14) and quantum e ciency of the detectors [6, 165] as well
as the photon energy has to be known to estimate the generated electrons per photon.
For the calculation of the expected contrast, parts from the experimental setup and
geometry described in chapter 4 are anticipated. In particular, a tilt of the sample at
# = 70° with respect to the photon beam direction is considered ( gure 4.17). This tilt
is necessary to be able to measure the in-plane component of the magnetization with a
reduced signal ofcos ¢#) = 0:34 compared to a magnetization vector aligned in parallel
to the photon direction. In an alloy like permalloy consisting of two magnetic elements,
the XMCD measurements can be carried out at both elementary absorption edges with
a diverse signal quality. The intensity di erence for two magnetization directions leading
to the XMCD contrast according to equation 2.40 computes to 1.5 % at the nickel 3 edge
behind a 10 nm thin permalloy sample tilted at# = 70°. The nickel edge was chosen
in the experiment because for the same sample the contrast would be reduced to 1%
at the iron L3 edge. In principle the XMCD signal corresponding to the cross section
di erence is higher for iron but the permalloy sample consist of only 20 % iron and 80 %
nickel so that the measured e ect in total is strongest at the nickel edge. Additionally,
the e ciency of the phosphor screen used in the gateable detector (section 4.7.1) in the
setup increases with higher photon energies [11]. For a 30 nm thin permalloy sample the

YIn fact, the beamline delivers 3.5 10 photons/s but only 1=40 of the ux is usable for a time-
resolved detection in the current setup as we will see later.
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intensity di erence measures 4.4 % at the nickel and 2.8 % at the iron edge scaling almost
linear with the sample thickness in this regime.

Figure 3.1 shows the resulting XMCD contrast of permalloy elements arranged in
rows with alternating magnetization direction taking into account Fano noise, photon
shot noise, dark current as well as readout noise of the detector. An exposure time of
1s for each photon helicity leads to the presentedl ™ | )=(I* +1 ) XMCD contrast.
Overexposure of the camera sets in when the full well capacity is exceeded stating the
number of electrons a pixel can collect before blooming occurs due to charge over ow to
adjacent pixels (here typically 100 000 electrons/pixel [6, 165]).

3.2 Landau-Lifshitz-Gilbert solver

The dynamic response of the magnetizatiorivt (t) of a system in a static external bias
eld Hey to an arbitrary excitation pulse form and pattern fi(t) can be calculated by
discretely solving the Landau-Lifshitz-Gilbert equation (see equation 2.14) and comput-
ing the change on the magnetization vectord¥ during a short time interval dt. The
simulation written in MATLAB 2 for this purpose based on the code shown in appendix
D numerically solves the LLG equation in an e ective eld H¢ (t) composed of external,
excitation and demagnetization eld

0 1
hy(t)  NxMy(t)

0o 1

0

He (1) = %Hext NyMy (t) with M (t=0)= %Ms§ (3.2)
hz(t)  NzMg(t) 0

for a permalloy slab initially homogeneously magnetized iry direction with its saturation
magnetization Mg similar to the arrangement explored in the Kerr microscope built in
this work. The components of the demagnetization tensor were calculated with equation
2.22 using the fact that the trace equals unity (equation 2.9) and theNy component
vanishes in the thin Im limit. The e ective slab width we was taken from equation
2.27 and the pulse form was modeled by a Gaussian envelope

(‘2“22 and  h()= = hy(t) (3.3)

hy(t) = hg exp 2

where the relative amplitudes of thex and z components at the edge of the waveguide were
extracted out of a Finite Element Method Magnetics (femm}§ simulation (section 4.1.1).
The permalloy element ofw = 10 um width and t = 30 nm thickness was modeled with
the parameters ¢Ms=1:040T and =0:008in an external eld of gHex =60mMT.
The computed reaction of the magnetizationz-componentM,(t) to a eld pulse of
oho = 15mT amplitude (estimated by equation 2.75) and di erent pulse durations
is plotted in gure 3.2. If the pulse is short enough, the system basically reacts with a
damped oscillation at its FMR frequency ( gure 3.2a). However, if the pulse duration
increases, the oscillation is in uenced by the magnetic eld of the pulse still present after
initiating the dynamics and the response di ers from a pure damped oscillation.

ZMathWorks MATLAB, mathworks.com
®Finite Element Method Magnetics (femm), femm.info
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Figure 3.2: Simulated responseM;(t) of a magnetic permalloy Im (blue curve) of

w = 10 um width and t = 30 nm thickness to a pulsed excitation viah(t) (green curve)

according to the LLG equation. The traces are calculated given an external eld of
oHext =60mT.

3.3 Micromagnetic simulations

Whenever it becomes necessary to simulate the time-evolution of a magnetic system, solv-
ing the Landau-Lifshitz-Gilbert equation (see equation 2.13) is essential. In the previous
section this has been done in a discrete numerical approach for structureless samples
where the magnetization is described by a single, spatially independent vector. For this
case the numerical integration of the LLG equation works well and can deal with arbi-
trarily shaped external static and dynamic magnetic elds. However, in order to simulate
real-world extended nite samples, an additional spatial discretization is unavoidable and
the LLG equation has to be solved on a grid of nite elements carefully taking into ac-
count all the interactions between the individual cells. Long-range interactions mostly
are modeled via dipolar coupling and short-range interplay is generally dominated by
the exchange coupling. Thus, for obtaining reasonable results, the unit cell size has to
be chosen in the order of the exchange length given by equation 2.11 corresponding to
approximately 5 nm for permalloy systems. Due to computational limitations the max-
imum cell size is here set to 25nm which is a reasonable approximation for permalloy
due to the dominating demagnetization energy compared to the exchange energy [206].
All the aforementioned tasks can be carried out by available micromagnetic simulation
software packages like the commonly use®bject Oriented MicroMagnetic Framework
(OOMMF) 4. However, in this work another software package name®mag® [61, 56] is
operated which provides easy parallelizability to multiple computing units through the
Message Passing Interface (MPI§ in order to minimize the computation time. Moreover,
the output is written into a Visualization Toolkit (VTK) vector le format readable by
sophisticated data analysis and visualization software like the here employed program

4OOMMF, NIST, math.nist.gov/oommf [50]
5Nmag, University of Southampton, nmag.soton.ac.uk/nmag [61, 56]
SMessage Passing Interface (MPI), mcs.anl.gov/iresearch/projects/mpi
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ParaView’. Additionally, the simulation problem is de ned in Python® code providing
great exibility on including arbitrary functions and routines for example when de ning
pulsed elds.

To start a simulation, rst the geometry of the sample is de ned in a le and dis-
cretized by the mesh generatoNETGEN ° into small tetrahedral elements used as sim-
ulation cells by Nmag Afterwards, a Python script similar to the code presented in
appendix D is executed creating and controlling thenmag simulation object. First, the
sample material is de ned by providing saturation magnetization Mg = 1:005T, ex-
change constantA = 13 10 '2J=m and damping parameter = 0:01 for permalloy
taken here from [205] for a comparable system. In the script two simulation objects are
created, one modeling the real system calledim and an additional object simHD with
an unusually high damping constant of = 0:5to minimize the computation time when
relaxing the system initially to its ground state. Next, the mesh is imported and assigned
to these objects with a magnetization pattern close to the ground state and a static ex-
ternal eld is de ned. Loading the initial pattern is done in favor of saving computing
time again; if only one unique ground state exists, relaxing from a random magnetization
distribution would end up in the ground state pattern as well after some simulation time.
Then, the highly damped system is relaxed to equilibrium by running thesimHD.relax
routine which computes the change on the magnetization by the e ective eld includ-
ing all energetic contributions like for example demagnetization eld, external elds etc.
This is done until the change of the magnetization vector is negligible correlating to a
stable pattern. Subsequently, this pattern is transferred into thesim object with the
physically correct damping constant and the relaxation procedure is repeated. Once the
system is in its equilibrium state, the reaction to an external stimulus can be modeled.
Therefore, a spatially and temporally con ned magnetic eld is applied modeled by the
rectangular function rect(x) = ( x) in space and a Gaussian in time

X y z 2
¥ Y =& Z 7 (t to)
exp S

hx(t) = h
x() 0 < y z 2

(3.4)

including the spatial dimensions y, y and , as well as the pulse duration . The
relax algorithm is called after applying the eld amplitude at each time step and the
magnetization vectors on the grid are saved after customizable time steps. For more
information on using Nmag, the manual [56] shall be considered providing examples with
spatially and temporally con ned elds on which the simulation code here is based on.

All calculations were carried out parallelized through MPI on four cores included
in a 64bit Intel® Core— i5-2500 central processing unit (CPU) running at 3.30 GHz
and equipped with 8 GB RAM in an Ubuntu'® 12.04.3 LTS Linux operating system
environment.

3.3.1 Vortex dynamics

The transmission X-ray microscope built in this work was able to unravel the dynamic
behavior of rectangular and circular permalloy structures reacting to a strong and short

"ParaView, paraview.org

8python programming language, python.org
® NETGEN, www.hpfem.jku.at/netgen
9Ubuntu, Canonical Ltd., ubuntu.com
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16.98 ns

Figure 3.3: Dynamic simulation of the magnetizationina 2 um 2 um permalloy square

of 30 nm thickness with an initial Landau ux closure domain pattern excited into positive

x direction by a short eld pulse of =210psdurationand phg =88 mT peak amplitude

at to = 0ns. After destruction of the initial domain pattern, a recovery takes place. Each
cone represents a magnetization vector averaged over several grid units color coded by
its X component (red: positive, blue: negative).
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magnetic eld pulse of ghg = 88 mT eld strength at to = 0ns and = 210ps dura-
tion. To reproduce the measured data and gain a better understanding of the involved
processes, a micromagnetic simulation was carried out with the parameters available in
the experiment. Initially, the equilibrium magnetization distribution of the patterns was
calculated by Nmag and for a 2um 2 pum square or a 2 um diameter circle of 30 nm
thickness we obtain a vector eld curled around a central vortex core. In the circle the
variation happens continuously whereas the square features four domains separated by
domain walls along the diagonals of the square as it is visible in the rst image of gure
3.3. The cones in the image represent a discretized magnetization vector averaged over
several grid units because displaying every simulated vector on the mesh would derogate
their visibility. Furthermore, the cones are color coded with their individual x component
where red corresponds to maximal positive and blue to maximal negative values. The
vortex ux closure patterns are the most e cient con guration for the given geometries

in terms of minimizing all energetic contributions discussed in chapter 2 including for
instance an energy demanding stray eld outside the material. A core of a few nanome-
ter radius is nucleated in the center of each vortex [181, 209] where the magnetization is
forced to point along the z direction either out of or into the sample plane. The direction

of the core (up or down) de nes its polarity while the sense of rotation (clockwise or
counterclockwise) de nes thechirality of the vortex.

The dynamics presented in gure 3.3 is based on creating a highly out-of-equilibrium
state by aligning 85 % of the magnetization into positivex direction via the applied eld
pulse with its peak amplitude at to = Ons. Besides the left and right particle bound-
aries, the top, left and right domain almost switch completely 220 ps before the pulse
maximum. The boundaries experience a strong demagnetization eld leading to a rapid
reorientation in these areas by creation of two domain walls which later propagate to-
ward the center. The bottom domain initially aligned antiparallel to the excitation eld
is hard to switch due to the small torque in this con guration. Subsequently, the domain
con guration of the square is split vertically and two vortices emerge on the left and
right and eventually combine to a single one in the center. A small domain in the bot-
tom pointing into positive x direction survives for several hanoseconds but aligns with
the major domain direction when the vortex pattern is recovered after roughly 17 ns.
The simulated spatially averaged magnetization componenM is plotted together with
the measurement in gure 6.22a and several decay slopes are discernible corresponding
to the fast decay due to the demagnetization eld on the left and right borders and the
time-consuming reorientation of the magnetization afterwards. Comparison between sim-
ulation and experiment is elaborated in the results chapter in section 6.2. The simulated
data of the circular structure is presented in gure C.11 in appendix C and not discussed
here explicitly owing to a similar behavior besides a faster decay. Th&lx component is
shown along with the measured data in gure 6.22b and discussed there.

3.3.2 Non-reversible permalloy chain

As we have seen above, the vortices relax into their initial state automatically after an
excitation out of equilibrium. In the introduction the importance of investigating non-
reversible systems in need of an active reset was pointed out. For instance, a chain
of small rectangular permalloy elements of 1.3um 0.3pum size and 10nm thickness
separated by a gap of 30 nm in an external bias eld shows such kind of behavior. In the
simulation presented in gure 3.4 this chain of ve elements was aligned in negativex
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(a) Magnetizationatt= 1ns (b) Magnetization at t = 1ns.

(c) Magnetization at t = 5ns. (d) Magnetization at t = 12ns.

Figure 3.4: Simulation of a permalloy chain consisting of ve 1.3um 0.3 pum rectan-
gular elements with a magnetization initially aligned to the left (blue color code) in an
external opposing eld of gHext = 11:3mT pointing along the chain to the right. If
the rst element is switched by a short and de ned pulse att = 0s, a chain reaction is
initiated until all elements are aligned along the bias eld direction (red color code).

direction (blue color code) and relaxed in an external static bias eld of gHex =11:3mT
pointing along the positive x direction. The resulting vector eld is presented in gure
3.4a and shows that the opposing eld already manages to align the magnetization out
of the x direction at the boundaries between the elements. Now, at = 0s the rst
element is switched by an external eld pulse of ghg =88 mT amplitude and = 220ps
duration and aligns its magnetization along the positivex direction (red color code). The
stray eld near the gap to the next element is a su cient stimulus for switching it along
the bias eld direction and thus one element after another reverses its magnetization
(gure 3.4b - 3.4c) until the whole chain is aligned ( gure 3.4d). For a new measurement
the entire system needs to be reset to its initial state by an external torque. Figure 3.4b
indicates that the switching is mediated by a domain wall motion inside a single element.

Figure 3.5 shows the spatially averaged magnetization components in units of the sat-

uration magnetization M5 where a value of Mg corresponds to a complete alignment in

x direction and + Mg indicates maximal alignment along+ x direction. Switching one
element by a pulse gives a change iMy of 0:4M¢ because ve elements are distributed
between the accessible range M. The rst element excited by the external stim-
ulus reverses its magnetization fast compared to the induced reversal of the remaining
rectangles which consumes a bit more than 2 ns per element. In total, the process takes
roughly 10 ns and should therefore be easily observable in an experiment. The fact that
we do not start with a fully aligned chain at Mg is explained by the rearrangement of
the magnetization at the gaps after relaxing. However, we end up at Ms due to the
bias eld pointing into the nal magnetization direction.

A critical parameter in this experiment is the amplitude of the opposing eld because
it is adjusted in a way that a small external stimulus is su cient for launching the chain
reaction. If the eld is too weak on the one hand, nothing happens after turning one
element. On the other hand, an excessively powerful eld already aligns the whole chain
to My = + Mg before the pulse. By varying the amplitude of the external eld, the
stability range was investigated in the simulation and a dynamic behavior is expected for
amplitudes in the range of gHeyx = 10mT to 15mT. However, the switching speed is
modi ed by the eld amplitude; so for a reproducible measurement the stability of this
quantity is an issue.
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A comparable system of smaller single domain 100nm 75nm 10nm permalloy
rectangles separated by 25nm in an opposing eld of gHext = 35mT was calculated by
Benjamin Kriger in the theory group of Prof. Dr. Daniela Pfannkuche [126].
Switching one element here consumes 240 ps leading to a propagation velocity of 525 m/s.
These values could be reproduced in a simulation with thé&Nmag code but only when
a stronger bias eld of 78 mT was applied. The discrepancy originates probably from
a non-uniform magnetization distribution after relaxing the Nmag chain particles while
the theoretical calculation relies on single domain particles. Moreover, the calculation
was carried out for a chain of 500 elements while th&lmag assembly only contained ve
rectangles due to computational limitations in RAM size and number of CPU cores.
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Chapter 4

Experimental design and setup

4.1 Samples

This chapter summarizes sample design and preparation. All samples have been created
in a clean room facility on 14 mm 7 mm sized substrates.

4.1.1 Coplanar waveguide design

In order to excite the magnetic system and study its dynamical behavior, a magnetic
eld pulse has to be transported to the nanostructured sample. This pulse emerges out
of a current pulse propagating along a coplanar waveguide since current carrying wires
exhibit a vortex magnetic eld curled around the wire (compare also gure 2.7). Because
the excitation pulses in general are short in the sense of 5ps to 250 ps, care has to be
taken about the dispersion of the pulse and the electrical characteristics (e.g. impedance
matching) of the waveguide. Coplanar waveguides (CPW) are well suited and commonly
used for high frequency applications in the microwave region of the electromagnetic spec-
trum and o er the additional advantage of having a nonmetallic gap between conductor
and ground electrodes (gure 2.17) providing space for the magnetic sample prepara-
tion. The typical outline of the waveguide is presented in the insets of gure 4.1. In
this work, the waveguides have an impedance of 100 being rather uncommon in high
frequency electronics normally adjusted to 5@V but advantageous for larger arrays of
nanostructures because the gap between the electrodes increases with the impedance.

The layout of the waveguide has to provide one macroscopic interface to inject the
current pulse and another one to terminate it in high frequency RF resistors with low
parasitic inductance and capacitance to prevent signal re ections and oscillations for
accurate pulse termination. The SMD resistors chosen hetdor this purpose support a
bandwidth of 50 GHz at voltage levels up to 37V and an average power of 50 mW. In
order to distribute the voltage drop and the terminated power, two 50W resistors with
a footprint of 1mm 0.6 mm are connected in series to provide the termination of the
100Wimpedance waveguide. Corresponding SMD mounting pads to connect the resistors
are foreseen in the layout.

For the current pulse injection, two di erent options were chosen. In one approach,
the photocathode is manufactured directly on top of one end of the waveguide while
the other design provides connection pads to another coplanar waveguide for exible

1Vishay Sfernice CH0402-50RGF
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(a) TR-SKM waveguide on sapphire substrate (b) TR-MTXM waveguide on silicon sub-
of 400 um thickness. strate of 100 um thickness.

Figure 4.1: Data points of half conductor width w=2 vs. ground plane coordinate
w=2 + g obtained with TX-Line and polynomial t of 6" order according to equation
B.1 with coe cients listed in table B.1.

mounting of additional electrical interfaces like an insertion circuit launching transient
signals from a pulse generator into the waveguide. In both layouts, the width of the
inner conductor at the connection point was chosen to be 1 mm being on the one hand
big enough to handle the connection to further waveguides at the connection pads as
well as providing enough space for a big photocathode in order to minimize space charge
e ects. On the other hand, the inner conductor should not exceed this width substantially
because together with the gap size the substrate dimensions needed for the whole sample
would become too large to be handled in the micro- and nanostructuring devices (spin-
coater, mask-aligner, electron beam lithography, ...). Additionally, with larger samples
the tilt angle needed for XMCD measurements and thus the XMCD signal amplitude
itself would have to be reduced due to collision with the micro zone plate at increased
elongation of the sample width in the TR-MTXM (compare also gure 4.17).

The width of the inner conductor is tapered down from 1 mm to 10 um to increase
the current density and thus the magnetic eld in the sample region conforming to
equation 2.75. The gap size has to be adjusted accordingly to keep the impedance
of the waveguide constant (see insets of gure 4.1 and confer equation 2.64). A size
of 10 um in the interaction region was chosen because this width is easily producible by
photolithography, provides a gap big enough for the magnetic system at 100 W impedance
and non-critical ohmic losses (equation 2.72). Furthermore, it is small enough to ensure
su cient current densities but not too small to be thermally destroyed by the pulse power.
Subsequently, the width of conductor and gap increases again to 600 um matching the
width of the termination resistors.

The samples for the TR-SKM were created on a 400 pm thick sapphire substrate
which was chosen because the substrate material has to be either transparent in the
visible electromagnetic spectral range and has to provide a good surface quality for the
magnetic structures. Additionally, sapphire provides advantageous electric properties like
high insulation, low dielectric losses, a uniform dielectric constant', and good thermal

2R-lab 2" A-plane sapphire wafer, (400  20) um thickness, double side EPI polished (Ra  0:5nm)
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() Linear taper (b) Linear taper (c) Linear taper (d) Zo = 100 (e) Zo = 150

of the conductor of gap width g. of sumw=2+ g. without account- with adjusted ta-

width w. ing for the mem- per at the mem-
brane thickness. brane.

Figure 4.2: CPWs for TR-SKM on sapphire substrates (orange) and TR-MTXM on
silicon substrates (blue). The source with photocathode (orange) or current pulse in-
jection (blue) is located at the bottom, the interaction region with magnetic samples in
the middle and the pads for pulse termination in RF-resistors at the top. Colored areas
represent the metallic layer while white areas correspond to substrate material. Di erent
approaches of the taper layout are presented as discussed in the text.

conductivity. Since sapphire wafers can be EPI (epitaxy-ready) polished to a surface
roughness down toR;  0:3nm and are routinely used in semiconductor industry, it is
an ideal and also cheap material for this purpose. The samples for the TR-MTXM were
fabricated on a 10Qum silicon frame with a 200 nm thick silicon enriched nitride (SiRN)
window of 250um  250um siz€e®. Silicon nitride substrates provide the ability to feature

a thin window in the nanometer range etched into the sample that is mandatory for the
transmission of the soft X-ray photons.

As metallic waveguide layer material 300 nm copper with a cap layer of 5nm gold to
prevent oxidation was chosen. Copper has the advantage of combining a good electric
conductivity with a rather good soft X-ray transmission at the L absorption edges of the
magnetic 3d transition metal elements used in this work. Increasing the thickness of the
layer results in lower losses (equation 2.72) and thus less thermal load at high current
densities preventing possible damage of the waveguide in the thinnest regions. However,
the thickness can not be increased arbitrarily because thick metallic layers complicate
the lift-o in the preparation process dramatically (see section 4.1.2) and, additionally,
decrease the soft X-ray transmission.

The freeware programTX-Line 4 can calculate the width of the gapg for a given con-
ductor sizew, substrate thicknessh and material, metalization thicknesst and impedance
Zp according to the theory presented in section 2.4. Because the conductor width is
reduced over two orders of magnitude, the geometry of the waveguide does not trans-
form smoothly from macroscopic to microscopic sizes by just a linear modi cation of

3Silson 14 mm 7mm Si frame, thickness 100 um; 250 ym 250 um SiRN window, 200 nm thickness
4AWR TX-Line, awrcorp.com/products/optional-products/tx-line-transmission-line-calculator
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the conductor or gap size. Decreasing the conductor width linearly and modifying the
gap accordingly, results in the waveguide presented in gure 4.2a whereas a linear gap
reduction results in the outline in gure 4.2b. However, a rather smooth transition
can be achieved by reducing the sum of half the conductor width and the gap size
w=2 + g linearly and adjusting the half width of the conductor w=2 respectively (see
gure 4.2¢) due to the natural dependence of the waveguide impedancgy on the ratio
ki = w=(w +29) = (w=2)=(w=2 + g) demonstrated in equation 2.64.

The geometry of the waveguide is calculated for some valueswf2+ g by the program
TX-Line and all points in between are interpolated by a polynomial t of 6" order (confer
gure 4.1 and equation B.1 with coe cients in table B.1 listed in appendix B). The TR-
MTXM silicon substrates feature a 200 nm thin silicon nitride window and the waveguide
impedance might be adjusted to the thin substrate window thickness over the etching
cone. Unfavorably, this would result in a very small gap of 3.3um at 10 um conductor
width which is lithographically di cult to manufacture and provides hardly space for
larger structures without short-circuiting conductor and ground plane®. Thus, the only
possibility to do this is to further increase the impedance toZg = 150 (see gure
4.2e) resulting in a gap of 11.8 um in the interaction zone. In order to make the 150 W
impedance waveguide still tthe maximum sample size of 14mm 7 mm at the input and
termination devices, the substrate thickness of 100 um was chosen as thin as possible and
additionally thin substrates provide better HF characteristics since the cuto frequency
depends inversely on the substrate thickness (compare equation 2.73). However, thinner
substrates would not be reasonably manageable through all processing steps in the sample
preparation. The adjusted taper for the membrane window was actually never used in
an experiment in this work (but still successfully manufactured) and the adjustment was
neglected over the short 250 um 250 um sized membrane resulting in theZg = 100
impedance waveguide layout in 4.2d. The waveguide geometry for the silicon frame
applied to the thin silicon nitride membrane results in an impedance oZ,, =240 and
leads to a re ected voltage amplitude U, compared to the incident voltage peakUg at
the boundary with a ratio given by the re ection coe cient [22]

U _ Zm Zo
U Zm+ Zo
The e ectively re ected amplitude is expected to be much smaller because the impedance
mismatch does not occur abrupt in the sense of a discrete change but continuous via the
etching cone of the membrane window where the substrate thickness decreases smoothly.
Using the t from gure 4.1, the nal layout of the waveguides is coded into a binary
GDSII le commonly used in semiconductor industry and readable by electron beam
lithography facilities. This le consists of a collection of polygons and is generated by
a Python script with help of the open source packageydspy. The geometry included
in this le is transformed into a chrome blank lithography mask on a quartz substrate
with opaque and transparent areas by the companyompugraphics Jenaand is used as
a reticle in the further sample preparation procedure.
Finally, a simulation of the current and magnetic eld distribution at the interaction
region was carried out using the softwardemm. For the simulation, a current of 0.5A

=0:412 (4.1)

5This problem could be overcome by using for example an insulating hydrogen silsesquioxane (HSQ)
layer between magnetic sample and waveguide which would complicate the preparation process by ad-
ditional steps and is avoided for this reason.

8gdspy, gdspy.sourceforge.net
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corresponding to the peak current of the photocathode test setup (see section 5.1) was
launched into the waveguide ofw = 10 um width and t = 300 nm copper thickness of
impedanceZy = 100 . The simulation is carried out for a signal frequency of 30 GHz
corresponding to the highest frequency in a 15 pgWHM pulse when the Fourier limited
time bandwidth product of a Gaussian pulse t f  0:44 applies. Owing to the short
pulse duration, the duty cycle composed of pulse duration and repetition rate is small
which leads to a continuous power dissipation in theuW range at the thinnest part of the
waveguide conductor. The magnetic eld distribution is presented in gure 4.3. Notable
is the high current density of 4 1012 A/m 2 at the edges of the conductor due to the
skin e ect (equation 2.74) present at the high frequencies included in the short pulses.
The magnetic eld amplitude at the surface of the substrate is also plotted along the
cross-section of the waveguide and amplitudes of 65mT can be reached directly at the
highest current densities.

4.1.2 Preparation

All samples have been created in the class 100/1000 clean room of the University of
Hamburg by lithographic techniques and the exact processing parameters are collected
in detail in appendix B. The preparation is divided into two sub-processes, namely the
fabrication of the (nano)magnetic system and the manufacturing of the waveguide needed
for the excitation of the system. In general, rst the magnetic layers are deposited since
their properties depend on the quality of the substrate and a preceding waveguide depo-
sition might corrupt the surface quality during the processing steps and leave remnants
on the substrate. The whole preparation process is outlined in gure 4.4 and discussed
in the following subsections.

Sample preparation

The structure of the magnetic sample system is inscribed into an electron-beam resist
by electron-beam lithography (EBL). For this purpose the substrate is rst coated with
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Figure 4.4. Outline of the sample preparation process. The substrate (1) gets spin-
coated with a double layer of PMMA-50K and PMMA-950K electron beam resist (2)
which is exposed during EBL in an SEM (3) that writes the structure pattern. Developing
removes the exposed areas (4) with an undercut pro le due to the double layer system.
After cleaning in an oxygen plasma (5), the magnetic sample material is deposited by
physical vapor deposition out of a heated boat (6). A lift-o process in acetone (7)
removes the unwanted material on the resist. For the preparation of the waveguide on
the same sample, a double layer consisting of lift-o resist (LOR) and photoresist (S1813)
is spin-coated onto the substrate (8). Exposure to UV light through the chrome blank in a
mask aligner leads to the structure transfer onto the sample (9) carried out by developing
the resist layers (10) with an undercut pro le advantageous for the lift-o . Deposition
of the material is done in another PVD step (11) out of a boat and an electron beam
evaporator. Eventually, the remaining resist together with the spare metal is removed in
a nal lift-o process (12).

-

t =165 ps
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a double layer of poly(methyl methacrylate) (PMMA) resist with di erent molecular
weights (50K and 950K) resulting in an undercut pro le for a reliable lift-o process
later in the preparation process. First, the PMMA-50K resist with a higher sensitivity

( 20% more sensitive compared to PMMA-950K) is spin-coated onto the substrate by
injecting the resist onto the sample that is ramped afterwards to a de ned rotational
speed with an adjustable ramp and rotation duration resulting in a homogeneous layer of
predictable thickness. The deposited layer is pre-baked on top of a hotplate to harden the
layer, spin-coated with the less sensitive PMMA-950K electron-beam resist and nally
the whole system is baked-out on the hotplate to reach the glass transition of the PMMA.

The resist-coated substrate is now ready for exposure and can be transferred into
the EBL chamber where the electron beam writes programmed patterns specied in a
GDSII polygon le (also generated with gdspy with a de ned dose into the PMMA
resist. The samples are installed on conductive adhesive tapes to prevent charging of
the substrate and thus a distortion of the written pattern. Next, the sample has to be
aligned and positioned correctly and the electron beam has to be focused onto the sample
by monitoring dirt or scratches during focusing in the imaging mode of the scanning
electron microscope (SEM). Additionally, a small spot can be burnt into the resist by
exposing a single position of the sample to the beam for 30 swhich should provide a
small structure to focus onto more precisely afterwards. Depending on the substrate (in
this case silicon nitride membranes or sapphire wafers), back-scattering of the electrons
in the substrate has to be taken into account leading to an exposure of neighboring
areas. This so called proximity e ect causes for example the merging of two adjacent
structures separated by a small distance and in general reduces the contrast of the written
patterns. In the 200 nm thin silicon nitride membranes the proximity e ect is expected
to be small because the membrane is rather transparent to the 10 keV electron beam but
for the sapphire substrate it has to be considered. For this reason a GDSII le with a
test pattern has been created and written into a PMMA double layer coated sapphire
substrate with di erent exposure doses ranging from 50 uC/crd to 150 uC/cm?; the best
results were obtained at a dose of 80 uC/crhto 90 uC/cm?. For all samples an aperture in
the electron beam of 10 um and a write eld of 600 um 600 um is used. The large write
eld is necessary because together with the magnetic system, also alignment structures
have been written into the sample to enable an accurate overlap with the waveguide mask
later in the preparation schedule.

After the patterning by scanning the electron beam over the resist, the substrate
is developed and areas exposed by the electron beam are removed since PMMA is a
positive photoresist and the electron beam cuts the polymer chains during exposure. The
chemically modi ed environment of the patterned areas is how sensitive to a developer
and the material is removed by dipping the sample into the developer solution for a
de ned time. This process is stopped subsequently by bathing the sample in isopropyl
alcohol (IPA).

With EBL small structures of only a few nm can be written which is necessary for
the TR-MTXM samples. However, for the TR-SKM samples the structure sizes are big
enough that there is no need for EBL (which is of course possible as well) and this step
can be replaced by photolithography with a suitable mask similar to the fabrication of
the waveguides (see next subsection).

Now that the structure has been transferred into the resist, the sample material can
be applied. Before deposition the sample is cleaned in an oxygen {Dplasma chamber
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to remove dirt and resist remnants from the substrate surface resulting in a better con-
tact and adhesion of the material on the substrate. Afterwards, the magnetic permalloy
(NigoFezo) material is evaporated out of a heated tungsten boat by physical vapor depo-
sition (PVD) inside a vacuum chamber with a cold trap to maintain a good base pressure
of 1 107 mbar to 1 1077 mbar despite short pumping times. The evaporation process
is monitored by a quartz crystal located near the sample providing information about

deposition rate and deposited Im thickness. When nished, the whole sample is covered
with a permalloy layer and in the next step the metal on the PMMA resist has to be

removed to nalize the structure transfer.

This last step is called lift-o and is carried out in a bath of acetone that dissolves

the PMMA layers and frees the metal from the substrate except of course where it
is directly in contact with it. In this step the use of the PMMA 50K/950K double
resist layer pays o because it generates an undercut in the pro le (gure 4.4) so that
the acetone can attack the PMMA due to a non-continuous metal layer. After several
hours in the acetone bath, the process is complete and the pre-de ned structure in the
GDSII polygon le is transported into a patterned thin metallic layer onto the substrate.
If the lift-o fails to remove some areas, carefully wiping over the sample with a soft
swab or ultrasonic cleaning might help though the latter is not possible for the silicon
nitride membrane substrates because the thin membrane can not withstand the ultrasonic
vibrations. Anyway, by using the double layer system this is in general not required.

Waveguide preparation

The previously described preparation of the magnetic sample system is now complete and
followed by the manufacturing of the waveguide. The substrate including the magnetic
structures again is spin-coated with an ultraviolet (UV) sensitive double layer photoresist
system to generate an undercut pro le for a reliable lift-o. The rst layer is a special
lift-o resist (MicroChem LOR 5A and MicroChem G Thinner in a mixture of 50:50)
baked out on a hotplate on top of which the Shipley S1813 photoresist is spin-coated and
baked out accordingly. The sample is now ready for exposure.

The design of the waveguide calculated and explained in section 4.1.1 was de ned in
a GDSII le and transferred onto a chrome mask on a quartz substrate by a company
(see above). This reticle is either transparent (no chrome deposited) or opaque (chrome
deposited onto quartz substrate) on the prede ned areas in the GDSII le and loaded
into a mask aligner’ for the lithography process together with the magnetic system on
the sample substrate. Using an optical microscope included in the mask aligner, the
sample is positioned under the chrome blank by translation via micrometer screws. For
this purpose several alignment markers are imprinted into the waveguide design and into
the magnetic sample pattern. They are overlapped in the mask aligner to ensure that
the conductor of the waveguide is located at its dedicated position in order to excite
the intended fractions of the system. When proper alignment is achieved, the sample is
lifted up toward the lithography mask and brought into soft contact with the mask. The
exposure can begin and the mask aligner automatically replaces the microscope with a
UV lamp to expose the photoresist through the mask for a preset time controlled by a
shutter (see gure 4.4).

Developing the exposed substrate leads to the removal of the illuminated areas be-

7SUSS MicroTec MJB4 mask aligner

&

t=175 ps
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Figure 4.5: TR-MTXM sample including of permalloy structures and a coplanar waveg-
uide on a silicon substrate with silicon nitride membrane.

cause polymer bonds have been broken by the UV light. In this case, the developing
process is stopped in deionized (DI) water. Cleaning with an oxygen plasma is omitted
here due to the risk of oxidization of the present magnetic layer.

Subsequently, PVD is carried out inside a vacuum chamber where thermally evapo-
rated metal condenses either directly at the substrate where the resist was removed by
the developer or on top of the remaining photoresist. Here, 300 nm copper (Cu) is evap-
orated out of a tungsten boat that is protected against oxidation by depositing 3 nm gold
(Au) out of an electron-beam evaporator installed in the same vacuum chamber. Some
test waveguides on sapphire substrates were manufactured without the lift-o resist but
with a bottom 5 nm chromium (Cr) layer deposited out of the electron-beam evaporator
as adhesion promoter. The chromium layer was omitted for the samples with magnetic
material because if oxidization occurs, the resulting chromium oxide may in uence the
magnetic response of the system [204].

During the lift-0 process, the remaining resist below the metallic layer is removed
in a bath of acetone and lastly, the structure of the waveguide remains on the substrate
in form of metallic areas representing conductor, ground planes etc. In the areas where
magnetic structure and waveguide coincide, the magnetic layer is now buried under the
waveguide material.

A section of a completed TR-MTXM sample is presented in gure 4.5 where the mi-
croscope image shows the central part of the sample around the silicon nitride membrane
with the waveguide and the permalloy structures. In the SEM image a zoom-in to the
permalloy structures is visible with an array of elements featuring a small gap of only
41 nm.

Additional steps

In order to terminate the current pulse at the end of the waveguide, the tiny resistors
mentioned in section 4.1.1 tting the CPW design have to be xed to the dedicated
mounting pads de ned in the waveguide layout. They are glued onto the waveguide with
help of tweezers and needles under a microscope using conductive epoxy adhesive which is
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Figure 4.6: TR-SKM sample ange with interferometric image of the interaction zone
height pro le.

cured by heating the sample on a hotplate for 10 min at 80C to ensure a low-resistance
contact. SMD soldering paste is not feasible for xation because it destroys the thin
metallic layer during bake-out.

All TR-SKM samples additionally need the photocathode that is deposited onto the
dedicated area by PVD of magnesium (Mg) grains out of a tungsten wire in a custom-built
evaporation device at a base pressure of 110° mbar to 2 107> mbar. The macroscopic
mask in this case is produced by milling a hole into a polyethylene sheet covering the
sample besides the cathode area. To ensure proper shielding of the whole substrate this
step has to be done before gluing of the resistors.

After deposition of the Mg photocathode and mounting of the termination resistors,
the TR-SKM samples are ready for assembly into the experimental setup. Because the
cathode has to be located inside the vacuum, the sapphire substrate is installed into a
slot of a special CF16 adapter ange (see gure 4.6). By applying a UV curable adhesife
the sample is coupled to the ange and vacuum sealed. Finally, the ground planes of the
CPW need to be connected electrically to the metal of the CF16 ange on the vacuum
side by conductive silver to ensure proper grounding.

Concerning the TR-MTXM samples the photocathode is not attached directly onto
the substrate due to space constraints in the X-ray microscope but contacts are available
for the connection to either an external cathode or an electrical pulse generator. Owing to
the high bandwidth of the pulses, the connection has to be established by high frequency
components as well. For this purpose two printed circuit boards (PCBs) with additional
coplanar waveguides were designed. The production of the circuit boards was outsourced
to a commercial PCB service by handing in the layout les de ning the geometry of the
substrate and the copper layer. In this case a standard epoxy FR4 substraté ( = 4:8) of
1 mm thickness and a footprint of 20mm 7 mm was used with a 3%um copper (Cu) layer
on top since these boards are commonly used in electronics providing a cheap solution.

8Dymax OP-29-Gel
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4.1. Samples

(a) Adapter PCB for laser setup with Mg pho- (b) Adapter PCB for pulser setup with SMP
tocathode and waveguide of 100 W impedanceplug and two 200 W RF resistors for impedance
matching from 50 W to 100 W.

Figure 4.7. PCB adapters of footprint 20mm 7 mm with a cutaway of 5mm 4 mm
size. Parameters in table B.7

The use of solder resist was omitted because of possible outgassing under vacuum and
electroless nickel immersion gold (ENIG) was chosen as a surface plating.

At the interface to the sample contacts the waveguide has to hold an impedance of
100 W with an inner conductor size of 1 mm. The connection is established via the ip-chip
technique by turning the sample upside-down ( gure 4.8a) so that the copper connectors
of the two circuits face each other and then brought into contact with conductive silver
between the connecting tracks for a reliable contact and for xation. The waveguide
of the photocathode PCB has a constant impedance of 100 W with a pad of 1.5 mm for
magnesium deposition which is tapered down linearly to an inner conductor size of 1 mm
compatible with the contact size of the sample (see gure 4.7a). The parameters are
collected in table B.7 given in appendix B.

For the adapter PCB to connect the electric pulser, however, a constant impedance
of 100 W for theCPW is not applicable because the picosecond pulse generataxpects
a 50W connection with an appropriate termination as almost all high frequency devices.
This means the impedance has to be adapted from a 39 device to a 100V system.
The transition region corresponds to a network where a 5@/transmission line branches
into two 100 Wwaveguides connected in parallel and each terminated by 18 resistors.
Practically, one of the two lines is the waveguide to the sample and the other one solely
consists of two 200/ RF resistors directly in the transition zone connected in parallel
from the conductor to the ground planes for a symmetric termination (see gure 4.7b).
Behind this point the geometry of the waveguide (in this case the gap size) changes
since it is now a 100/ CPW and half of the input current amplitude is lost due to the
200Wimpedance matching resistors. Since the output port of the pulse generator is an
SMA ange, the signal is transported through a high quality 18 GHz SMA cablé? and
feedthrought! with 50 Wimpedance into the vacuum where it passes an SMA to SMP
adapter because the connection to the CPW on the PCB adapter is established by an
SMP PCB connector? glued onto the circuit board by conductive epoxy adhesive. SMP
is chosen here over SMA because the plug has not to be tightened by screwing which
can be dangerous due to the torque acting on the glued connection and onto the sample.
The high frequency properties of SMP are comparable or even superior to SMA.

Lastly, the reset coil (see section 4.2) with an iron yoke is added to the TR-MTXM

°FID GmbH FPG 02-200PM, 50V to 200V, 220 ps to 250 ps pulse duration, 200 kHz repetition rate
10 Rosenberger 32S-RTK-Flex 405-32S and 32S-RTK162-32S, 18 GHz

Mallectra 242-SMAD18G-C16, 18 GHz

2Rosenberger 195101-40ML5, 26.5 GHz
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Figure 4.8: CAD image of the complete TR-MTXM sample consisting of the silicon
frame including the magnetic sample on the membrane, waveguide and RF-resistors as
well as reset coil with iron yoke and the PCB adapters. All parts are mounted onto a
titanium sample holder.

samples. Eventually, the whole sample system shown in gure 4.8a is attached to a
sample holder made out of titanium (Ti) due to its small thermal expansion coe cient
which is important because the coil transfers heat into the system resulting in drifts of
the sample in the X-ray microscope. The heat transfer is reduced by skeletonization of
the sample holder around the coil. In the photocathode setup ( gure 4.8b) a PEEK part
holding the aluminum anode (see section 4.3) is connected to the Ti holder. Notable
in gure 4.8 (or even more prominent in gure 4.16) is also that the sample is already
positioned under a certain angle of 20° with respect to the normal plane of the photon
beam to be sensitive to the in-plane magnetization component via XMCD.

4.2 Reset coils

A non-reversible magnetic system needs an active external stimulus in order to reset it
into a de ned state before a new pump-probe cycle can begin (compare also gure 1.1).
In this experiment this pulse is generated by a small coil. Because the sample is pumped
at 130.1 kHz repetition rate equal to the revolution frequency of the storage ring either
by the synchronized laser or by the picosecond pulse generator, the reset pulse has to be
applied at the same rate. The coils are in principle suitable for both, the TR-SKM and
TR-MTXM experiments and are ready to use in a vacuum environment.

To be able to switch thin- Im structures magnetized in the sample plane as well as out-
of-plane magnetized perpendicular magnetic anisotropy (PMA) systems, two di erent
coil designs have been developed and tested. One coil generates a eld pulse along the
substrate plane using an iron yoke. Another air core coil that is placed on top of the
sample produces eld pulses directed perpendicular to the substrate plane. Both layouts
with the simulated magnetic eld distribution ( femm) are shown in gure 4.9.
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Figure 4.9: Water-cooled reset coil designs with simulated magnetic eld distribution.

The lateral reset device is a 4 mm diameter air-core coil oE = 10 pH inductance
and R = 0:7 ohmic resistance with a beveled edge to provide enough space to t the
aperture cone of the focusing objective NA = 0:4) in the TR-SKM indicated by the
white dashed line in gure 4.9. The coil is wound out of 48 turns of 15m diameter
enameled copper wire. The black dashed line represents the sample position roughly
300um away from the coil where a magnetic eld of up to 150 mT is producible in the
center of the coil at 7 A current pulse amplitude that can be reached with this design
(see chapter 5.6).

The in-plane reset coil is wound out of 40 turns around an iron (Fe) yoke and resulting
in L =14 pH inductance andR = 0:22 ohmic resistance. The iron guides the magnetic
eld close to the sample position where an amplitude up to 120 mT is achievable at 7 A
peak current. The iron yoke becomes necessary due to the substrate dimensions because
air-core coils would have to be 3.5 mm away from the sample position which is too far to
provide a eld strong enough to reset the hanomagnets.

Both coils have to be water-cooled outside and inside a vacuum environment to dis-
sipate the heat generated owing to the ohmic power loss of 10 W (see equation 4.2) at
the coils at 7 A current pulse amplitude and a typical pulse duration of 1.51s to 2us at
130.1 kHz repetition rate.

42.1 Reset coil driver

A custom built driver was designed and tested to deliver the required current pulses.
The circuit diagram is depicted in gure E.1 in appendix E. Basically, it consists of two
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IRF530 metal-oxide semiconductor eld e ect transistors (MOSFETS) in a half-bridge
con guration operated by an NCP5111 MOSFET driver. Because of the high repetition
rate, the gate resistors of the MOSFETs have to be adjusted very carefully for keeping
the ohmic switching losses small. Otherwise, they experience a huge thermal load and
may be destroyed. Additionally, the slopes of the switching pulse must not be to steep
because this would result in ringing of the pulse and in unwanted electromagnetic pulses
(EMPs) released from the circuit leading to interferences with other electronic devices.
The gate resistor dimension is a trade-0 between minimal switching losses and minimal
EMP.

Allowing an operation at 130.1 kHz repetition rates needs a time constant = L=R
in the microsecond regime for the coil driven by the MOSFET half-bridge. This means
a low-inductive resistor'® of R = 10  has to be used in series with the. = 10 uH to
15 pH inductance of the coil because the ohmic coil resistance is not su cient to reach
this time constant. In consequence, the additional resistor experiences a huge thermal
load of 130W due to the high voltage drop at 7 A current pulse amplitude. A power
rating of 300W was chosen to safely endure the power dissipation according to table 4.1.
Cooling of the resistor has to be performed as e ectively as possible and is implemented
here by a combination of a passive cooler in good thermal contact together with a fan.

P=1y Rzb ! (4.2)
duty voltage U
cycle

Table 4.1: Power dissipation P of the coil as well as resistor and MOSFETs in the
driver calculated by equation 4.2.

Duty cycle f Ohmic resistance R | Current | | Power P
Coil 130.1kHz 2ps 0.7W 7A 10W
Resistor 130.1kHz 2ps 10w 7A 130 W
MOSFET 130.1kHz 1ps 0.16W 7TA 1w

4.3 Photocathode

The outline of the photocathode setup for generation of the current pulses is sketched
in gure 4.10. A magnesium (Mg) layer provides the source of the electrons generated
by the photoelectric e ect and extracted via a high voltage (HV) generated by a power
supply**. Magnesium is chosen because its work functioW/, = 3:66 eV [184] is below
the photon energyE, = 4:8eV of the ultraviolet (UV) fourth harmonic of the available
pulsed laser radiation at a wavelength of258 nm Additionally, Mg cathodes are in
need of only moderate vacuum requirements (£8 mbar to 10~ mbar) at long lifetimes
compared to other materials with a high quantum e ciency like Cs,Te.

1Byvishay Sfernice LPS 300H, 10W, 300W at 85 C, L O:1pH
14CAEN N1471B, 5.5kV, 300 pA, 5nA monitor resolution
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(a) Rendered CAD image of the photocath- (b) Schematic setup of photocathode test
ode in a CF16 cube vacuum chamber. The UV setup. The UV pump beam of 258 nm enters
laser beam enters through a Cak input cou- through the cylindrical anode on a positive

pling window and is redirected onto the pho- high voltage potential and extracts photoelec-

tocathode by a prism mirror. The Mg layer is trons out of the cathode layer which results

located on the sample substrate mounted into in a measurable positive voltage pulse on an
a CF16 ange opposite to the anode providing impedance matched resistor.

a static electric extraction eld.

Figure 4.10: Rendered and schematic setup of the magnesium photocathode.

After removing an oxygen layer from the Mg surface with a focused pulsed laser beam
scanning the surface, the quantum e ciency can be increased from normally 2107° by
up to two orders of magnitude to 2 1073. This technique is called laser cleaning [185, 151]
and implemented in the setup by a lens on a linear stage for intensity adjustment and a
motorized mirror mount to scan the surface. A good summary of the properties of Mg
photocathodes also with comparison to other cathode materials can be found in [138].

For rst tests, a Mg layer was deposited onto a semi-rigid SMA cablé® by ther-
mal evaporation in an in-house developed evaporation system based on a tungsten wire
lament lled with magnesium grains at a base pressure< 2 10 °mbar. The rather
thick layer of a few micrometers has a rough surface structure which is advantageous for
maximization of the extraction eld at the surface (compare equation 2.61). The Mg
surface of the SMA cable was then positioned in the vicinity of a cylindrically high volt-
age anode ( gure 4.10) and illuminated with the pulsed laser radiation. By connecting a
scope with su cient bandwidth © the pulse pro le is measurable at the other end of the
SMA cable after an attenuator protecting the scope input. The TR-SKM sample with
included photocathode is installed inside a vacuum system based on a CF16 cube with
safe high-voltage (SHV) high voltage feedthrough for the positive anode voltage, a CaF
laser input coupling window for the UV pulses and exible bellows to allow scanning of
the sample in the TR-SKM (see section 4.5). Inside the chamber a prism mirror re ects
the beam entering from below onto the photocathode surface on the sapphire substrate
glued into the sample ange. The prism mirror avoids a direct visual axis to the laser in-
put window which may su er from debris contamination during the laser cleaning process
otherwise. Opposite to the cathode a PEEK mount containing the cylindrical aluminum

5 Huber+Suhner EZ_141_TP_M17, 33 GHz
18 picoScope 9211A sampling scope, 12 GHz bandwidth
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anode on a positive high voltage up to 4kV provides an extraction eld of 8 kv/mm to
10 kv/mm for collection of the photoelectrons.

Evacuation of the vacuum camber is achieved through a turbo pump’ connected
to a diaphragm roughing pump. In order to prevent photocathode degradation and to
get rid of vibrations from the pumps, evacuation is continued by an ion getter pump®2.
Turbo- and roughing pump can be switched o once reaching the operation pressure of
the ion pump and are separated from the vacuum system by a buttery valvé®. The
leakage rate of the system was tested with a helium leak tester and determined to be
< 3 10 9mbar I=s. The throughput at the CF16 cube is mainly limited by the ori ce of
the CF16 bellows and leads to an e ective throughput of 3.41/s for the turbo pump and
3.81/s for the ion pump. Working pressures< 5 10 ®mbar can be achieved routinely
after bake-out of the system. The ion getter pump is installed in an orientation that
the eld at the sample is minimized and has an amplitude below the magnetic eld
of the earth. The eld was measured without pump x = 125uT,y = 17:.8uT,
z= 115uT) and with pump (x =28:3uT,y = 221uT, z =5:9uT); the coordinate
system is chosen according to gure 2.7.

4.4 Femtosecond laser system

The laser pump TR-MTXM and laboratory-based TR-SKM measurements were per-
formed with the commercial femtosecond solid-state laser system PHARG% generating
laser pulses of (1028 5) nm wavelength in a diode-pumped ytterbium doped potassium-
gadolinium tungstate (Yb:KGW) oscillator. The pulses of 290fs FWHM duration are
stretched, ampli ed and compressed again by making use of the chirped-pulse ampli-
cation (CPA) technique [192] and reach an average output power of 6 W [136]. The
high repetition rate of 130kHz matches the round trip frequency of the storage ring
PETRA Il to allow a synchronized operation of the two systems. This is achieved
by piezo-motorization of one mirror in the oscillator cavity for gradual adjustment of
the repetition rate through the cavity length controlled electronically by a phase-locked
loop (PLL) to an external reference frequency. The jitter between laser and synchrotron
pulses is then reduced to < 5 psallowing pump-probe experiments only limited by the
PETRA Ill pulse duration of 90 ps FWHM [178].

After leaving the compressor, the pulses can be converted to the second (515nm at
3.5W), third (343nm at 2W) or fourth (258 nm at 700 mW) harmonic in the HIRO
module?! using second-harmonic generation or sum frequency mixing in Beta-Barium-
Borate (BBO) crystals in type | collinear interaction [135]. As another option, the laser
pulses can be coupled into a collinear optical parametric ampli er (OPA) of white light
continuum called ORPHEUS?? to produce coherent photons in the wavelength range of
210 nm to 2900 nm with an output power depending on the selected wavelength [134].

The whole CPA laser system with harmonics generator and OPA ts onto a compact
mobile laser table of 2.1 m 0.9m size for exible usage inside the laboratory or at ex-

17pfei er TurboDrag TPD 011, throughput 101/s, nal pressure < 5 10 ° mbar
18yvarian Vaclon, throughput 81/s, nal pressure < 10 ! mbar

9VACOM 3BVM-25KF-VV-A, leak rate < 10 °mbar I=s

2pPHAROS-6W, Light Conversion Ltd.

21HIRO, Light Conversion Ltd.

22 ORPHEUS, Light Conversion Ltd.
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4.5. Time-resolved scanning Kerr microscope (TR-SKM)

ternal facilities like PETRA Ill. For the latter case a portable laser safety hutch covering
this table with all necessary interlocks and shields is available. Concerning details on the
laser system and especially the in-house developed synchronization unit consult the PhD
thesis of Moritz Schlie  [178].

4.5 Time-resolved scanning Kerr microscope (TR-SKM)
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Figure 4.11: Setup of the time-resolved scanning Kerr microscope. The focal length of
thelensesard.1 = 40mm,L, =150mm, L3=200mm,Ls= 75mm,Ls= 50mm,
Lg = 250 mm and L7 = 200 mm. Details are discussed in the text.

In oder to investigate the dynamics of small magnetic structures in the visible spec-
tral range, a time-resolved scanning Kerr microscope (TR-SKM) has been set up. The
Kerr microscope takes advantage of the magneto-optic Kerr e ect (see chapter 2) in po-
lar con guration (P-MOKE) by analyzing the polarization of the light re ected by the
magnetic sample. It can either be operated with a 10 W continuous-wave (CW) diode
laser® at 532 nm wavelength for static measurements or with the PHAROS femtosecond
CPA laser system at 515 nm for dynamic studies. A schematic overview of the setup is
given in gure 4.11 that will be discussed in detail in this chapter.

The TR-SKM uses the fourth and second harmonic radiation of the PHAROS laser
system generated in the HIRO module by frequency doubling in BBO crystals. The fourth
harmonic UV pump pulses at 258 nm wavelength are created out of the frequency-doubled
PHAROS pulses at 515nm. Because this process does not convert all the photons,
residual second harmonic pulses remain which are used as probe beam. Advantageously,

2 aser Components Flexpoint FP-53/10AF-AV-SD, laser class 3B
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this means both pulses are inherently synchronized to each other and provide a jitter-
free source of pump and probe pulses limiting the temporal resolution in principle to the
laser pulse duration of 290 f&WHM. Consequently, this also means that pump and probe
beam energies are coupled in the way that maximal pulse energy in the UV pump beam
of 5.5uJ requires maximal pulse energy in the green probe beam of 3. For the TR-
SKM experiments the laser ampli er runs at a repetition rate of 130 kHz similar to the
synchrotron TR-MTXM experiments but, if needed, the repetition rate in the laboratory
experiments can be chosen freely within the speci cations of the laser ampli er [136].

The laser beams leaving the harmonics module are slightly divergent because they
have to be focused into the BBO crystals for frequency conversion. That is why for both,
pump and probe pulses, rst a Galilei telescope is installed to collimate the beam and
adjust the beam size. Due to the high intensities at the sample after eventually focusing
the probe beam with a microscope objective, the second harmonic has to be attenuated by
using the re ection of two quartz substrates and a polarizing beam splitter (PBS). Direct
use of the PBS is avoided because the unattenuated pulses may destroy it. Afterwards,
polarization ltering in the SKM takes place by two additional PBS of which the second
one is rotatable to adjust the polarization plane in the Kerr microscope. The beam
now passes two intensity beam splitters which retain the polarization and separate the
light into two equal parts of 50% input intensity. An expansion in a Galilei telescope
takes care of tting the input diameter of the 20X focusing microscope objectivé* with
a numerical aperture ofNA = 0:4. This allows for a minimal focal spot on the sample
because only when fully illuminating the aperture, the maximalNA becomes available.
The di raction limited spot size of the focus and thus the achievable spatial resolution is
given by the wavelength of the light and the NA of the objective. Here, the resolution
is estimated to  785nmfor =515nm by the Rayleigh criterion given in equation 2.45
and corresponds to a Gaussian spot size of = 652 nm FWHM according to equation
2.47 (see also section 2.2.2).

The sample can be scanned within the focal plane by two encoded piezo stages with
100um travel range and 25 nm positioning accurac$?. The re ected light is re-collected
by the same microscope objective and partly re ected by one of the intensity beam split-
ters into a Wollaston prism?® that separates the beam into two perpendicular polarization
components each hitting a photodiode of a balanced detectéf. A voltage signal propor-
tional to the di erence of the input intensities on the two photodiodes is generated by this
detector featuring a bandwidth of 1 MHz and a transimpedance gain of 50010° V/A.
If the sample changes its magnetization and therefore the polarization of the light, one
of those beams gains intensity at the expense of the other one. This change produces a
measurable di erence signal in the balanced photodetector being related to the intensity
change and thus the Kerr rotation of the sample (cf. equation 4.3 and the theoretical
background summarized in section 2.1.4 and appendix A.1 and A.2). An initially bal-
anced intensity on the photodiodes leads to a vanishing di erence signal which means
the polarization is now tilted by 45° and has equal power in thes- and p-component.
The measured output voltageU proportional to the intensity | of the incident light now
readsl, = E2cog (=4) and |s = E2sin?( = 4), respectively. As depicted in gure 4.3,

2 Thorlabs LMH-20X-532 high-power MicroSpot focusing objective

S Thorlabs PAZ100 and PAZ015 piezoelectric actuators with feedback and BPC203 controller
%6 Thorlabs WP10 Wollaston prim, 20° beam separation, 100 000:1 extinction ratio

2"Thorlabs PDB210A/M large-area balanced Si photodetector
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4.5. Time-resolved scanning Kerr microscope (TR-SKM)

Figure 4.12: The TR-SKM detects the
magnetization via the rotation of the po-
larization by the Kerr angle  between
the incident and re ected light elds Ej,
and Eq. The balanced photodetector
measures thes- and p-component of the
polarized laser probe beam intensity and
prior to a measurement the polarization
of the incident beam Ej, is adjusted to
45° such that the signal on the diodes
is of equal intensity and vanishes. A
Kerr rotation changes the intensity ac-

P cordingto I, = E2 cog(=4+ ) and
ls= E2 sii?(=4+ ).

a Kerr rotation introduces an additional angle and modi es the intensities accordingly
tol, = E2cog(=4+ k) andls= E?sin®(=4+ ). By measuring the di erence
signal normalized to the sum of both signals

U Us_Ip s E? cog 7t K sin? 7t K ]
- = =sin (2 2 4.3
U+ Us Ip+ls E2co? z+ k +sin? z+ g (2 «) kK (4.3)

the Kerr angle  can be extracted. The data acquisition (DAQ) of the signal is done by
an analog to digital (AD) converter?® with 16 bit dynamic range and 250 kS/s bandwidth.
Because the bandwidth of this device is not su cient for the output pulses of the balanced
photodetector, an analog low-pass with 50 kHz cuto -frequency Iters the signal rst so
that it is su cient for the AD converter bandwidth and fast enough to identify the
modulation by a 1kHz chopper for lock-in detection. Despite the low cuto -frequency
compared to the laser repetition rate this approach is adequate because a single shot
information is not essential in the pump-probe setup due to signal averaging over a lot
of pump-probe cycles at a xed time delay t.

Since the beam hits the sample perpendicular only the polar MOKE (P-MOKE) is
detectable in this setup (see chapter 2) and thus solely the perpendicular magnetization
out of the sample plane can be observed. Because of theA of the objective, parts of
the laser light hit the sample under a certain angle in principle allowing other detection
geometries but due to a rotationally symmetric illumination cone, those components can-
cel out eventually and only the polar component is left. The advantage of the P-MOKE
setup is that the focal spot is minimal in size compared to angular illumination allowing
the highest spatial resolution compared to other MOKE con gurations. Additionally, a
strong Kerr signal with a negligible ellipticity is achieved (compare gure 2.13). The dis-
advantage of P-MOKE, however, is the inability to measure the in plane magnetization
components which might be interesting especially in thin Im structures.

The UV pump beam in the setup is able to excite the sample by the magnetic eld
of a short current pulse launched toward the magnetic system via £&PW on the sample

2 National Instruments NI USB-6210
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CHAPTER 4. Experimental design and setup

(a) Sample ange mounted onto the exible (b) Fluorescence of residual UV light hitting
vacuum chamber scannable with a two-axis the cathode from the vacuum side is visible on
piezo unit. a piece of paper.

Figure 4.13: TR-SKM sample ange installed into the vacuum system.

substrate (for details see section 4.1.1 and 4.1.2). The current pulse is generated via
the photoe ect in a magnesium photocathode (section 4.3) and terminated in two RF-
resistors matching the impedance of theCPW. A vacuum chamber containing sample
and photocathode is mounted onto the piezo scanner unit and moved during image
acquisition. Figure 4.13 provides photos of this part of the setup.

The delay t between pump and probe pulses can be tuned by an optical delay stage
in the UV pulse beam path based on a motorized linear stag@ with 300 mm travel range
and a set of two mirrors covering a scan range of 2ns with 1fs accuracy.

In order to increase the detection sensitivity, the pump beam is modulated by a
chopper running at 1kHz frequency. The ampli ed dierence signal of the balanced
photodiodes is lItered in a lock-in ampli er 30 referenced to the chopper frequency. The
installation of the chopper in the pump and not the probe beam has the advantage that
the detection is only sensitive to signals originating from the excitation of the sample, so
only transient responses of the pumped system are observable.

Supplementary, the SKM is equipped with a monochrome CMOS came?a to image
the topology of the sample simultaneously with the same focusing objective used for
scanning and an additional lens. The illumination is provided by a red high power light-
emitting diode (LED) at a wavelength of 623 nm. To avoid disturbing e ects from the
laser to the camera and from the LED to the balanced photodetector, optical band-pass
Iters are installed in front of the detectors passing only the desired wavelength.

4.6 Soft X-ray beamline P04 at PETRA Il

After the discovery of X-rays by Wilhelm Conrad Rontgen in 1895 [172, 173], the
novel radiation lead insight into the structure of matter and was applicable in medicine
and biology. In the early days, this radiation was only generated by radioactive ele-

2 Feinmess Dresden PMT160-300-SM2-S10 with Oriental PK 245-02B stepper motor
9FEMTO LIA-MV-150
31 Thorlabs DCC1545M monochrome CMOS camera, 1280 pixel 1024 pixel of 5.2um 5.2 um size

t=235ps
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4.6. Soft X-ray beamline P04 at PETRA Il
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Figure 4.14: Layout of the P04 soft X-ray beamline at PETRA 1l [202, 45]. Details
are discussed in the text.

ments and later X-ray tubes. Nowadays, highly brilliant X-ray light is available in third
generation synchrotron sources like PETRA 1P,

PETRA lll is a storage ring at DESY in Hamburg with a total circumference of
2304 m corresponding to a round trip frequency of 130.1kHz. Since the year 2009 the
facility is dedicated to the generation of synchrotron radiation and is up to now the most
brilliant storage ring based X-ray source in the world. In normal operation mode the ring
is lled with 960 packets of electrons called bunches but for time-resolved experiments
also a 40 bunch mode with a separation of 192 ns between two light pulses generated out
of the electron bunches is available as well. The ring stores an electron current of 100 mA
in the top-up mode at 6 GeV electron energy.

The soft X-ray beamline P04 [202] at the synchrotron PETRA 11l delivers photons in
the energy range of 250 eV to 3000 eV with variable polarization. The light is generated
in a periodic magnetic structure called undulator inside the storage ring. This insertion
device periodically modi es the electron trajectories due to the Lorentz force and this
accelerated motion of charged particles leads to radiation of electromagnetic waves with
a wavelength of [55]

= _U 1+ K72+ 2#2 + 242 with K = eB . and 26%17
2n 2 2 X y 2m cC 1 v2
Cc
(4.4)

that is determined by the Lorentz factor containing the velocity of the electrons, the
undulator period  of the magnetic structures, the observation angle#, and #, with
respect to the undulator axis and the magnetic eld B experienced by the charged par-
ticles in the storage ring. The dimensionless undulator parameteK by de nition has to
be smaller than unity for an undulator; otherwise the insertion device would be called

32PETRA (Positron Elektron Tandem Ring Anlage) was formerly used as a particle physics collider
that discovered the exchange boson of the strong interaction known as gluon and is now in its third
revision a dedicated synchrotron-radiation source.
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a wiggler. In addition to the fundamental wavelength (n = 1) higher harmonic modes
(n =3;5;7;:::) may radiate as well. Except for B all parameters in general are xed
by the geometry of the undulator and the storage ring operation parameters. Therefore,
an adjustment of the gap between the bottom and top row of magnets tunes the eld
amplitude B and a change of the emitted wavelength can be achieved. The insertion de-
vice in the P04 beamline is an APPLE-Il (advanced planar polarized light emitter) type
undulator in the storage ring that generates a high photon ux in its rst harmonic with
linear, circular or elliptical polarization. The adjustment of the polarization is possible
by tuning the undulator shift that modi es the magnetic eld con guration and thus the
electron trajectories in the undulator and enables for example the emission of right and
left hand circular polarized photons needed for XMCD measurements. An overview of
the P04 layout is presented in gure 4.14.

The emitted radiation can be directed into two identical beamline branche by a
switching-mirrors unit (SMU) to distribute the beam-time most e ciently between two
experiments. The radiation gets spectrally separated by angular dispersion in a plane-
mirror, plane-grating unit (PM/PG-U) with a 1200 lines/mm grating and is monochrom-
atized in an exit-slit unit (EXSU) afterwards by selecting a particular bandwidth of the
dispersed beam. The last optical elements are two sets of refocusing Kirkpatrick-Baez
(KB) mirrors [116] in the refocusing-mirrors unit (RMU). One mirror set produces a
10um 10pm focus at the experimental platform behind the exit ange and the other
set refocuses the beam to the permanently installed PIPE (photon-ion spectrometer at
PETRA IIl) experiment meters behind the beamline platform. Trailing to the RMU a
diagnostic unit is present for on-line monitoring of the beamline performance such as
photon energy and ux, beam position, spectral resolution and polarization.

The P04 beamline was designed for high transmission and for this reason as few as
possible only plane and plane-elliptical optical elements were usedVithin the speci -
cations a high photon ux > 10 photons=s is available at a resolving power = of
10000.

4.7 Time-resolved magnetic transmission X-ray microscope
(TR-MTXM)

A full- eld X-ray microscope, similar to an optical microscope, basically consists of a
condenser optic for sample illumination and an objective lens to image the sample onto
a suitable detector. However, as pointed out in chapter 2, in the soft X-ray spectral
range it is advantageous to use di ractive optical elements as lenses. The general setup
of the time-resolved magnetic transmission X-ray microscope (TR-MTXM) is illustrated

in gure 4.15.

Beginning with the soft X-ray radiation delivered by the P04 undulator in the PE-
TRA Il storage ring and monochromatized by the PM/PG-U and EXSU, the beam
enters the microscope through a grating condenser optic generating a pth diameter
illumination spot at its focal distance when operated at photon energies of the iron or
nickel L absorption edge. Since the condenser takes care of focusing, the mirrors used
for the PIPE experiment are moved into the RMU of the beamline as they only slightly

%3 During the beamtime shifts in this project all measurements were performed at the same beamline
branch because the second branch was under construction at that time.
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4.7. Time-resolved magnetic transmission X-ray microscope (TR-MTXM)
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Figure 4.15: Setup of the time-resolved magnetic transmission X-ray microscope. De-
tails are discussed in the text.

focus the beam on the platform. Table 4.2 gives an overview of the parameters of the soft
X-ray optics and gure 5.10a shows an SEM image of the grating condenser designed as a
concentric collection of di raction gratings. The rays de ected by the gratings originate
from di erent positions in the source and overlap in the focal plane of the condenser
forming a at-top illumination pro le. This approach also reduces the spatial coherence
of the radiation in the sample plane which would lead to artifacts and speckle patterns
in the image. Further details on this optic including a ray-tracing can be found in [207].
The numerical aperture of the illumination optic is matched to the imaging optic aper-
ture in order to provide maximal spatial resolution and, additionally, a central stop is
included on the grating condenser to Iter out the 0" order of the direct beam since the
microscope operates in the rst di raction order of the optical elements.

A micro zone plate (compare also section 2.2.3) with the parameters given in ta-
ble 4.2 in combination with a suitable soft X-ray detector takes care of the imaging.
Static measurements allow utilizing an in-vacuum back-thinned CCD detectot*, how-
ever, time-resolved dynamic studies have to be carried out with a special gateable soft
X-ray detector (see chapter 5.5). Both detectors were cooled down to at least40 C to
keep the noise level minimal. To ensure maximal spatial resolution in the microscope,
the setup should be limited by the quality of the optic and not by parameters of the
detector. For this purpose the magni cation M has to be chosen in agreement with the
Nyquist-Shannon sampling theorem. This means at least two pixel should correspond to
the imaged resolution limit of the zone plate | =1:22 ry (equation 2.56). For both de-
tectors the pixel size isdpx = 13 um giving M > 2dn = | = 426. Additionally, when the
whole eld of view (FOV) of 20um generated by the condenser shall t onto the camera
chip (13.3mm 13.3mm), the magni cation has to exceedM > d ¢jp=FOV = 666. A
much larger number is not advantageous because it makes the setup more sensitive to
mechanical vibrations and increases the overall dimension because for an optical element
with a focal length f and a given magni cation, the sample distanceg and image distance
b relate to

34 Andor iKon-M 934 [DQ], 1024 pixel 1024 pixel of 13pym 13 pum size
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CHAPTER 4. Experimental design and setup

Table 4.2:
by Pambos Charalambous

Parameters of the TXM optics obtained from ZonePlates.com and created

Grating condenser Zone plate
Number of zonesN 400
Number of gratings 940
Grating size 25um  25pm
Diameter D 1mm 80 um
Outermost zone width ry 50 nm 50 nm

Focal length f

34.3mm at 851.5eV

2.75mm at 851.5eV

Numerical aperture NA

0.0146 at 851.5eV

0.0146 at 851.5eV

Depth of eld DOF

3.43 um at 851.5eV

Spot diameter FOV

20 um

Material

130 nm tungsten (W)
on 100 nm SgNg

130 nm tungsten (W)
on 100 nm SgNg

Central stop material Gold (Au)
Central stop diameter 500 pm
Central stop thickness 500 nm
1+ M
g= v f =2:754mm and b=(1+ M) f =1:928m (4.5)
with M = g =700 (4.6)

by using the lens equation 2.52 for the zone plate specied in table 4.2. The chosen
magni cation of M = 700 allocates at least three detector pixel for sample features in
the size of the zone plate resolution limit imaged onto the detector.

For pump-probe experiments an external stimulus (pump device in gure 4.15) is
needed in order to excite the system reproducibly and is delivered here either by a
synchronized femtosecond laser pulse converted in a photocathode or by an electric pi-
cosecond pulse generator (see also section 4.1). In the rst case the PLL electronics of the
laser synchronization needs the 500 MHz 0dBm sinusoidal reference frequency of the
PETRA Ill master clock to lock the laser oscillator cavity to the synchrotron (compare
section 4.4 and [178]). Additionally, the TTL storage-ring trigger available at the bunch
clock provides the 130.1 kHz revolution frequency as Pockels cell trigger and is fed into
the regenerative ampli er of the laser. This approach allows a synchronization with a
jitter < 5pslimiting the achievable time resolution to the PETRA I1lI pulse duration
of 90 ps with an electronic delay t adjustable by the synchronization unit [178].
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4.7. Time-resolved magnetic transmission X-ray microscope (TR-MTXM)
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Figure 4.16: Rendered CAD image of the TR-MTXM assembly with suppressed parts

of the piezo stages for better visibility. The soft X-ray beam enters through the condenser
located on top of the upper right cone and gets focused onto the sample mounted at an
angle of 70° with respect to the photon direction. The zone plate located on top of the
lower left cone images the sample onto the detector (not shown). Excitation becomes
possible via an adapter PCB by inserting electric current pulses or laser pulses hitting a
photocathode. A motorized magnet and a coil provide bias and reset elds.

The second excitation solution makes use of the picosecond pulse generator delivering
pulses of 50V to 200 V amplitude at 220 ps to 250 ps pulse duration. A synchronization to
the P04 light pulses is realized via a pulse and delay generattrallowing to set the delay
with 5 ps resolution and a jitter < 25 psRMS compared to the external TTL storage-ring
trigger of the bunch clock. Because the delay generator o ers additional channels, it is
used likewise to trigger the driver of the reset coil as well as the gateable detector.

Both pump concepts only allow an operation at the revolution frequency of PETRA
Il limited either by the maximal repetition rate of the laser ampli er or the pulse gener-
ator. Additionally, the reset coil for dynamic studies of non-reversible systems is bound
to this frequency as well. In order to identify the temporal overlap between pump and
probe pulses, fast biased UV and an XUV photodiodes capable of detecting single shot
signals can be moved into the laser or soft X-ray beam, respectively. In case of operating
the pulse generator, the XUV photodiode is su cient when carefully taking into account
the delay accumulated by the cables.

A closer look into the essential TR-MTXM components is provided in gure 4.16
where the conical shaped mounts for the exchangeable soft X-ray optics are visible as well
as the titanium sample holder containing the silicon frame with the magnetic system and
the waveguide together with the pulse injection circuit and the reset coil (an unobscured
view is provided in gure 4.8). Now it is obvious that the photocathode can not be directly
manufactured onto the silicon frame for the TR-MTXM samples because it would simply

% stanford Research Systems DG645 ultra-low jitter digital delay generator
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Zone plate
Figure 4.17: In uence of the sample tilt F— Sample
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be blocked by the zone plate mount. Also prominent is the sample tilt of¢ = 70° with
respect to the photon beam propagation axis enabling an in-plane XMCD contrast and a
movable permanent magnet located on a motorized linear stage. The angle is constrained
by the sample width w = 7mm because contact to the zone plate located at a distance
dzp = 1:75mm smaller than the object distanceg due to the zone plate holder has to
be avoided. By claiming further that the sample tilt should not in uence the resolution
over the whole eld of view we require

dzp FOV

2
# > arcco =60° N #> arctan ————
recos f 2 DOF

=71° 4.7)

The chosen tilt provides a reasonable compromise between an XMCD amplitude fraction
of cos (70) = 0:34 and the spatial resolution.
The dominant magnetic o set eld component Bx generated by the motorized per-
manent disk magnet of radiusR = 7:5mm and thicknessL = 3mm is described by
0 1

B L+ x X
Bx(x) = 7r @gq p A (4.8)

l.l
R2+(L+X)2 R2+X2

with the remanenceB, = 1:35T of the axially magnetized N45 NdFeB magnet. A plot
over the accessible travel range is given in gure 4.18 and zero distance would correspond
to a magnet position directly at the membrane. Due to the sample width and the distance
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g
Figure 4.18: Magnetic eld component g 50
Bx generated by the permanent magnet =
with respect to the sample distance ac- 00 5 10 15 20
cording to equation 4.8. Distance@mC
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4.7. Time-resolved magnetic transmission X-ray microscope (TR-MTXM)

(a) Photo of the vacuum chamber interior with mounted (b) Photo of the sample stage con-
components on the three-axis piezo stages. The beam entaining the titanium sample holder

ters from the right through a camera shutter. Arranged with the silicon frame located on

behind is a photodiode that can be moved into the beam top of the water-cooled reset coil
for timing purposes followed by the TXM consisting of con- and the PCB for current pulse in-

denser, sample stage and micro zone plate. Visible in thejection via the SMP connector. A

back is a laser input coupling window for pumping with motorized magnet provides an ad-
the femtosecond laser pulses. justable bias eld.

Figure 4.19: Photos of the TR-MTXM installed into the vacuum chamber and the
piezo stage with the sample.

of 3.5mm to the silicon frame edge, the maximal eld at the sample can not exceed
150mT. A minimal eld of 10mT is always present which means that the magnet has
to be removed for eld free measurements.

Due to the high absorption of soft X-rays in air, the whole setup has to be placed
into a vacuum environment. For this purpose a mobile and exible endstation system is
available with up to three vacuum chambers on a rail with a variety of viewports and large
rectangular anges for easy access of the inner components. The system can be adapted
for several applications e.g. imaging, spectroscopy or non-linear physics experiments at
synchrotrons, FELs or laboratory based HHG and laser sources. For the TR-MTXM
one of the 500 mm diameter and 600 mm long chambers on a 3m1m support frame
is su cient. Evacuation is achieved by turbo pumps to a base pressure of 110" mbar
to 5 10 mbar backed up by two preceding di erential pumping stages to meet the
requirements of the beamline vacuum interlock. This is mainly important when the
large transparent acrylic glass anges are installed due to outgassing of the material.
The endstation features multiple in-house developed three-axis nanopositioning piezo
stages designed for long travel ranges and high precision positioning which are easily
customizable for mounting various components necessary in the experiment. In this case
four to ve stages have been used for photodiode, condenser, sample, zone plane and
laser mirror ( gure 4.19).
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4.7.1 Fast gateable X-ray detector

In the time-resolved mode of PETRA Il 40 bunches are circulating in the ring with

a separation of 1=(40 1301kHz) = 192ns. As mentioned before, the repetition rate
of the laser ampli er and the picosecond pulse generator is adjusted to the round trip
frequency of the synchrotron of 130.1 kHz; additionally, the reset pulse of the coil is not
switchable at MHz repetition rates. In consequence, this means only evedd" bunch
can be pumped. For the experiment it is counterproductive to detect all the other 39
bunches as well because they would result in a huge background signal not correlated
with the dynamical behavior of the system under study. It is not possible to overcome the
problem with an ordinary CCD camera because the readout of the chip takes a lot longer
than 192 ns. Exactly for this purpose a fast X-ray chopper for single bunch extraction
should be available at the PO4 and P11 beamline [147]. Unfortunately, up to now the
available chopper is not capable of extracting single bunches in the 40 bunch operation
mode and is still in the development phase. This means another selection device had to
be built and we decided to construct a fast gateable X-ray detector quali ed of selecting
one particular bunch in the storage ring for detection.

The general setup is outlined in gure 4.20 and starts with the image of the soft X-ray
microscope being projected onto a P46 phosphor scre®nof 3 um thickness attached to
an output window of the vacuum chamber. On incident high energy photons or particles
this screen emits light in the visible yellow spectral range and has a decay constant
of  200nsso that most of the light already is emitted until the next bunch hits the
phosphor.

The afterglow of the image on the screen is transferred by a large aperture 1:1 relay
optic incorporating two 25 mm fast camera lense¥ with an entrance pupil of f=0:95
onto a generation |ll GaAsP photocathode of an image intensi er tubé® which is able
to convert the incident light at = 530nm wavelength with a quantum e ciency of
QE = 0:5into electrons [3]. After absorbing a soft X-ray photon ash, the P46 phosphor
emits a light pulse with a photon to photon conversion e ciency of 25%/[11]. The
radiant intensity with respect to the observation angle# relative to the surface normal is
approximated to be proportional to cos @) according to Lambert's cosine law [128, 91].
Although deviations from this directional characteristic are known for phosphor screens,
the error is expected to be below 10 % for thin phosphor screens [72]. The relay-optic can
only collect a fraction of this light due to the limited entrance pupil and its numerical
aperture

NA = nsin( )= nsin arctan % =0:43 ) =25:4° (4.9)

The collected photons in the solid angle compared to all emitted photons in forward and
backward direction correspond to a transmission of

38 proxiVision P46, layer thickness 3um, nest grain size
$7\igtlander 25 mm / F 0.95 Nokton, MicroFourThirds (MFT)
% Hamamatsu V8070U-74-G160, resolution 50 line pairs/mm, min. gate pulse width 5ns FWHM
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4.7. Time-resolved magnetic transmission X-ray microscope (TR-MTXM)
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(@) Schematic setup of the fast gateable X-ray detector. A relay optic
transports the X-ray microscope image appearing on a P46 phosphor screen
onto an electronically gateable photocathode of an image intensi er tube in
which signal ampli cation and transport onto a CCD camera takes place for
image acquisiton R =1M , C =470pF).
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(b) Custom-built detector power supply providing the static high voltages
needed for the MCP and phosphor screen and generating the positive cath-
ode bias as well as the nanosecond high voltage pulse that can be delayed
with 10 ns precision with respect to an external trigger by a pulse- / delay-

generator.

Figure 4.20: Fast gateable X-ray detector and power supply layout
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The e ciency of the light collected by the relay optic may be improved by coating the
phosphor with a thin aluminum layer so that it only emits into one half-plane. However,
direct coating should be avoided because it may result in micro lenses due to the phosphor
grains leading to a decreased spatial resolution. A planarization layer has to be applied
rst.

The cathode is normally biased through aR = 1M resistor with a positive voltage
of Veias = 30V preventing the electrons released due to the photoe ect from leaving the
surface and passing on the image information. In this con guration the image is blocked
and not visible on the CCD camera of the detector in the back.

By applying an electronic gate pulse oVpyse = 230V amplitude and 40 nspulse
duration via the capacitor C = 470pF to the photocathode, the net voltage on the
cathode will be =200V during the gate. Then, the photoelectrons of the cathode get
accelerated onto the grounded surface of a micro-channel plate (MCP) where they are
ampli ed by secondary electron emission in an avalanche e ect owing to the positive
potential at the MCP backside of up to Vwcp = 1kV. After leaving the MCP, the
extracted ampli ed electronic image signal is accelerated onto another P46 phosphor
screen atVphosphor = 6KV where it is transformed back into photons. The ampli cation
by the MCP at 600V results in a luminous gain of 390 Im/(m?Ix) [3]. The photonic
output screen signal is coupled out by a ber taper xed with an index matching uid
onto the ber optic input of a cooled, low noise back-illuminated CCD camera&® with
13um 13 um pixel size. The CCD chip converts the light of the phosphor back into
electrons with a quantum e ciency of 0.975 at =530 nm [165].

Because the detector uses multiple high voltages and needs an adjustable HV gate
signal, a custom power supply schematically depicted in gure 4.20b has been built in
cooperation with the electronic workshop of the University of Hamburg. A 24V module
generates a supply voltage for the electronic control circuits of the high voltage modules
providing adjustable static MCP and phosphor voltages with sensitive current limiting
on SHV and Kings 10 kV HV output ports, respectively as well as the +30V bias for the
photocathode on a BNC output port.

The HV gate pulse is generated by a high voltage switd? capable of switching up
to 850V in minimal 55 ns connected to a 300V power suppfi} and triggered by a pulse-

/ delay-generator*? that delivers a TTL output signal with alterable duration and delay

at 10 ns timing resolution and a jitter < 25nsRMS with respect to an external trigger
signal. The gate pulse is transported to the detector via a BNC cable and properly
terminated on site by a water-cooled low-inductive 50N, 20 W resistor (see gure 4.20a).
The cooled resistor guarantees safe operation at the synchrotron revolution frequency of
f =130:1kHz with up to = 150 ns gate pulse duration according to

% Princeton Instruments PIXIS-XF: 1024B, 1024 pixel 1024 pixel of 13pum 13 um size
401XYS Colorado DEI HV1000 negative polarity, 850V, 17 A, min. 55ns, jitter < 100 ps
“1Elektro-Automatik EA-3050 B
42 Quantum Composers 9612+
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4.7. Time-resolved magnetic transmission X-ray microscope (TR-MTXM)

Pavg = I U B =130:1kHz 150ns 230V 7230\/ 20w (4.112)
duty
cycle current |

but is normally operated at a gate pulse duration of 40 ns. The pulse termination has to
happen close to the detector unit in a shielded metallic enclosure to prevent the release
of electromagnetic pulses (EMPs) potentially disturbing neighboring electronic devices.

The detector can also be operated in a permanently opened mode collecting the
whole light generated by the synchrotron when no time information is needed. For this
purpose the photocathode of the image intensi er is set to a constant negative potential
by applying up to =230V to the Vgiss input and no signal to the Vpyse input (cf. gure
4.20). This reduces the necessary exposure time which is controlled by an additional
in-vacuum shutter in front of the condenser.
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Chapter 5

Characterization

5.1 Photocathode

The characterization of the short electric pulses generated by the photocathode is not
trivial since the coplanar waveguide in this experiment has an impedance of 18and all
available high frequency measurement equipment is based on Btermination. A direct
electrical measurement without disturbing the pulse shape due to impedance mismatch
is impossible. Therefore, a test setup was built for pulse characterization consisting of a

1:8 mm? magnesium coating evaporated onto the inner conductor of a semi-rigid 3¢/
SMA cable (see inset in gure 5.1a) located opposite to a cylindrical anode on a positive
high voltage potential inside a vacuum chamber with a calcium uoride (CaR) laser
entrance window ( gure 4.10).
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300 | 60
g T s0f
= 200 l Charge: 41.42 pC = a0l Uncleaned Cathode
o~ 11
& i Charge (Fit): (35 + 1) pC § 30] P =68 mW
w H 5 =1.95pC
100 (1 S 20 Q P 5
I8 10 Quantum efficiency: 2 - 10
e e 1
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(&) Exemplary current pulse of (35 1)pC (b) Pulse of an untreated photocathode com-
charge featuring 500 mA peak amplitude at pared to a laser scanned magnesium surface
(71  2)ps FWHM pulse duration in the mag- (measured with a 2GHz scope) at an an-
nesium photocathode test setup (measured ode voltage of 1.5kV and similar laser power
with a 12 GHz sampling scope) at 250mW around 70 mW. The bunch charge increases
laser power at the surface. The inset showsfrom 1.95pC to 14.77pC corresponding to
the SMA cable of 3.58 mm outer diameter with an enhancement in quantum e ciency from
Mg layer coating. 2 10° to1 10™%.

Figure 5.1: Pulses generated by the magnesium photocathode (inset) measured in the
test setup and the e ect of laser cleaning.
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The electric pulses generated in this test setup were measured by a 12 GHz sampling
scope with a rise time of 29.2ps (10% to 90%). Figure 5.1a shows a typical pulse of
(835 1)pC charge with 500 mA peak amplitude and (71 2) ps FWHM pulse duration
at 250 mW laser power at the surface. The depicted data shows charge and pulse duration
obtained by the t and by integration over the trace or evaluating the width of the pulse
at half peak amplitude, respectively. The measured duration is very close to the minimal
supported value by the 12 GHz sampling scope thus it provides only an upper limit
and it remains unclear if the actual pulse duration is even smaller. For a more precise
measurement a broadband scope o ering more bandwidth or a dedicated magneto-optical
sampling pump-probe experiment using the Faraday e ect as performed byElezzabi
et. al. [54] becomes necessary. Similar to MOKE, the Faraday e ect describes a tilt of
the polarization plane by an angle

e dn

=V B L with V()= 5 =
e

(5.1)

when an electromagnetic wave propagates through a crystal of refractive indem and
length L along a magnetic eld B in the same direction. This angle is proportional to
the materials Verdet constantV. A time-resolved measurement of the rotation (t) would
give insight into the dynamics of the magnetic eld pulse B (t). Cadmium-manganese-
telluride (CdMnTe) crystals are promising candidates as Faraday rotators since the e ect
is fast [40] and the Verdet constantV = 1658radT 'm lat =635nmin CdgsMngsTe

is huge [95]. In principle the TR-SKM setup would be su cient for measuring the pulse
duration including the spatial distribution magneto-optically because it detects temporal-
and spatial resolved polarization changes. Now that the present setup is limited to
normal incidence, only out-of-plane components of the magnetic eld are observable and
a detection under a certain angle of incidence to obtain the in-plane components would
need a dedicated analysis unit as well as a second microscope objective. However, a
measurement of the out-of-plane component was attempted by placing an aluminum
coated CdMnTe crystal on top of the waveguide and detecting the polarization rotation
of the re ected light. Unfortunately, the measurement was not successful most probably
due to an insu cient overlap between magnetic eld and crystal placed in contact with
the waveguide surface. A better position for the Faraday rotator would be the gap of the
waveguide on the substrate directly adjacent to the conductor; but cutting, positioning
and mounting of the small and very fragile pieces is challenging.

The quantum e ciency (equation 2.59) of magnesium photocathodes ranges typically
around 10°® but can be increased by several orders of magnitude when applying a laser
cleaning technique [185] that removes oxygen cover layers located on top of the cathode.
In the test setup, the e ect of laser cleaning was investigated by monitoring the pulse with
a 2 GHz scopé resulting in the data presented in gure 5.1b. The quantum e ciency of
an untreated magnesium surface remains 2107 while a laser scanned surface enhances
the QE about an order of magnitude to 16 at comparable laser input powers. Anyhow,
the extracted bunch charge seems to be limited by space-charge e ects because when the
laser power was increased by a factor of 13, the extracted charge only rises by a factor of
3.5. In this scenario the released negatively charged electron cloud screens the extraction
eld between cathode and anode directly at the cathode surface and if a critical number
of electrons is released, the eld is completely compensated. Any additionally liberated

1LeCroy WaveRunner 204Xi, 2 GHz, 10 GS/s, rise time 225 ps
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5.2. Scanning Kerr microscope
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Figure 5.2: Extracted bunch parameters of the photocathode vs. laser power and anode
voltage measured in the test setup after increasing the magnesium area by applying a
Mg cone to overcome space-charge e ects.

electrons would be accelerated back to the magnesium layer and not be able to leave the
surface for contributing to the current pulse.

To test this hypothesis the cathode area of the SMA cable's front size was increased
by applying a cone of magnesium so that the illuminated area is now limited by the
anode aperture of 2.2 mm diameter corresponding to an area of 3.8 dmin gure 5.2 the
extracted bunch charge vs. laser power and anode voltage is displayed for the magnesium
cone attachment. Compared to gure 5.1 the charge has increased to values up to
100 pC corresponding to a peak amplitude of 1 A at the observable scope limited pulse
duration. Although, the drawback of the increased power is the pulse form distortion
resulting from increased ringing due to the impedance mismatch of the magnesium cone
attachment. A saturation of the extracted charge beyond 80 mW laser power on the
surface is an indication for still dominating space-charge e ects. In gure 5.2b the bunch
charge with respect to the extraction eld is shown and with higher eld amplitudes,
more electrons become available. This is expected for space-charge limited cathodes
(compare Langmuir-Child law in equation 2.62) because at a higher extraction eld more
electrons are necessary until the eld is completely screened at the cathode surface. Fields
generated by applying 4 kV correspond to an electric eld of 8 kv/mm to 10 kv/mm and
exceeding values already lead to discharge e ects which should be avoided considering
that the energy in a discharge ash might destroy the 10 um thin conductor part in the
waveguide. Applying low amplitude elds is not desirable either, owing to the reduced
charge and the increasing pulse duration ( gure 5.2b). In a future setup the extraction
voltage could be pulsed to reduce discharge e ects and provide strong extraction elds
during the presence of the laser pulse.

5.2 Scanning Kerr microscope
In order to determine the spatial resolution of the scanning Kerr microscope, a structured

magnetic sample was positioned at a xed focal distance away from the objective on
the optical axis and an image was acquired by scanning the sample inand y direction.
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(@) SKM image of a sample with a Co/Pt grid. (b) Data points and error function t
Each image was recorded at a slightly di erent fo- with = (284 13)nm for the tagged
cal distance along thez-axis. The black line de- prole in gure 5.3a.

notes the pro le plotted in gure 5.3b.

Figure 5.3: Focus scan and pro le of the transition boundary between Co/Pt multi-
layers and sapphire substrate supporting a sub micrometer di raction limited resolution
in the TR-SKM. The measured signal of the balanced photodetector corresponds to a
polarization di erence.

To locate the optimal focus position corresponding to the highest resolution, several
images for each focal distance irz direction were obtained ( gure 5.3a). These scans
measure the polarization di erence of the re ected laser beam that experiences di erent
values for magnetic and substrate material due to the Kerr rotation and the ellipticity. A
patterned Co/Pt grid was provided by Alexander Neumann by selectively removing
previously created homogeneous Co/Pt multilayers on a sapphire substrate via argon
ion sputtering through a mesh [153]. This sample features sharp edges smaller than the
laser wavelength at the transition from Co/Pt layers to the substrate which was veri ed

in an SEM analysis. The response when imaging the edge in the focal plane may be
used to extract the optical resolution according to Rayleigh's criterion (equation 2.45) as
discussed in section 2.2.2. A pro le of the sharpest visible edge is presented in gure 5.3b.
The error function t (equation 2.48) returns a Gaussian width of = (284 13)nm

in the convolution close to the theoretical limit (equation 2.47) of =286nm at =
532 nm (CW laser) with the NA = 0:4 objective. The measured value corresponds to a
resolution of | =(806 37)nm and the good agreement with the theoretical limit is an
indication for a di raction limited SKM setup. In the Gaussian t only the data points

up to 2.5um are included because the drop of signal seems to be another feature of the
transition boundary between Co/Pt and sapphire. Adding these points into the t tends

to underestimate the width  of the Gaussian and thus the resolution.

Due to the shorter wavelength of = 515nm available with the femtosecond laser
system the resolution slightly improves and is estimated to | = 785 nm by the Rayleigh
criterion and corresponds to a Gaussian spot ofig = 553 nm. Because of the small focal
spot size, care has to be taken about the intensities at the sample. A much higher laser
power than P = 30 yW at pwum = 290fs pulse duration equivalent to a pulse energy of
Epuise = P=130kHz = 230 pJ should be avoided at the sample because it already leads
to peak intensities of

=

t=315ps
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Figure 5.4: Images obtained with the in-situ microscope included into the SKM based
on a CMOS camera to monitor the sample position.
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right below the damage threshold of the thin metallic layers on the substrate considering
non-linear e ects. An example of the result after scanning a sample with Co/Pt islands
deposited through a mesh onto a sapphire substrate at laser intensities exceeding the
damage threshold is visible in gure 5.4a. The image was obtained with the in situ
sample microscope that magni es the focal plane of the objective by a factor of 26 onto
a CMOS camera when the sample is illuminated by a red high power LED. Besides this
example of the Co/Pt grid for static measurements, a sample with rectangular permalloy
structures and a coplanar waveguide for time-resolved measurements taken with the
microscope is demonstrated in gure 5.4b.

The time-resolution available by tuning the arrival time of pump with respect to
probe laser pulses in the TR-SKM is implemented by an optical delay stage (compare
also gure 4.11) of s = 300mm travel range driven by a stepper motor. Since the
light travels this distance twice (back and forth), the maximal delay t corresponds to

t=2 s=c 2ns In order to convert the driven uSteps of the stepper motor to actual
time delays, a calibration of the stage has to be performed. This was carried out by
installing a fast photodiode into the optical path of the pump pulse after the stage and
monitoring the time delay with respect to a laser trigger signal for a series of uSteps sent
to the stepper motor.

The result in gure 5.5 suggests a linear relationship sinces = ¢ t and the distances
should be proportional to the number of steps of the motor. The calibration constant is
extracted by tting the slope m of the linear relationshipt = m x and measurean =
(0:513 0:002) fssuStep which means that the delay is adjustable with 1 fs accuracy.
This is short compared to the laser pulse duration of 290fs and thus not limiting the
time-resolution of the setup.
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5.3 Spectral characterization at P04

The rst beamtime shifts with the TR-MTXM in June 2012 were performed in an early
commissioning stage of the P04 beamline. Since the dedicated mirrors in the PM/PG-
U and RMU were not available at that time, they were replaced by dummy aluminum
mirrors with inferior surface quality compared to the intended ones. For a magnetic
XMCD contrast it is mandatory to locate the L3 absorption edge of the3d transition
metal elements investigated in the setup. After several Near Edge X-ray Absorption
Fine Structure (NEXAFS) scans where the transmission of the material should drop
signi cantly at the photon energy of the absorption edge, we were not able to locate the
the edges. Therefore, a slit-grating spectrograph analogue to [217] was installed in order
to measure the bandwidth of soft X-ray beam after passing the monochromator. This
also enables an on-line optimization of the monochromator settings, namely exit slit size,
mirror and grating position and tilt as well as the xed-focus constant

_ cos()

= oo} (5.3)

inwhich and describe the angles of incidence and di raction, respectively. Operation
of the monochromator is possible for di erentc values that adjust the incident angle

on the mirror and the grating but keep the output beam direction constant. The design
value ofc =2 focuses the beam onto the exit slit for optimal spectral resolution.

The slit-grating spectrograph outlined in gure 5.6 consists of a grating withd =
100 nm spacing and a support structure generating a perpendicular grating constant of
ds =1 um combined with a D =52 um slit. This approves a spectral resolution of up to
= = D=d =520 in the rst diraction order according to equation 2.42. The device
is inserted directly into the soft X-ray beam and the di racted light hits an articulated
CCD detector movable in the perpendicular plane of the beam direction after a distance
b =1968mm. Due to equation 2.43 this distance is needed in order to reach su cient
spectral resolution of = 4 =435 at = 1:59nm for a source sizeq = 50 um (exit
slit size) at a distance ofg = 10m. Because the position of the rst diraction order
exceeds the detector size, stitching over the whole spectrum by moving the camera in
the diraction plane of the grating is necessary. Two spectra representing di erentc
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values of the monochromator containing several images at overlapping camera positions
are presented in gure 5.7.

In gure 5.7b the directly transmitted beam in the 0" diraction order as well as
the di racted beam in the rst order of the 778 eV photon beam is visible while in gure
5.7a additionally the next harmonic generated by the undulator becomes observable.
Conforming to equation 4.4 the wavelength peak of this harmonicr{ = 3) is at one third
of the fundamental (n = 1) but in the spectrum we also have to take into account the
e ect of the monochromator transmitting in its rst di raction order the fundamental
wavelength and in its second order half of this wavelength in line with equation 2.41.
Suppression of the higher undulator harmonics is possible by choosing smaller values
matching steeper incident angles and thus lower re ectivity for higher energy photons.

Together with an energy calibration, the width of the rst diraction order in the
spectrograph now is a measure of the soft X-ray bandwidth. Calibration can be achieved
by tuning the photon energy while monitoring the pixel position on the detector and the
resulting data in gure 5.8a is described nicely by a linear relationshipE = m x+ bwith
a slope ofm = ( 317 3)meV=pixel and an intercept of b= (852:7 0:8)eV. A closer

(b) Spectrum atc = 1:51 with suppressed next harmonic of the undulator.

Figure 5.7: Stitched spectra at 778 eV photon energy and 90 um exit slit size for two
c values.
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(a) Relative calibration of the spectrum. The (b) The bandwidth of the P04 beamline with
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Figure 5.8: Calibration of the spectrograph and characterization of the P04 bandwidth
with a misoriented VLS grating.

look into the rst diraction order of the spectrum in gure 5.7 is visible in the inset

of gure 5.8b together with the pro le of the spectrum obtained with the calibration in
gure 5.8a. The data suggests a bandwidth of E = 6:7eV FWHM at an exit slit of

50 um corresponding to a resolving power of= 115 at the cobalt L3 edge which

is not limited by the spectrograph resolution. The speci ed value at an exit slit opened
40um at the same energy should bee 10000[45]. By looking at the rst diraction
order it was also possible to tune the mirror position and angles. When hitting defects
on the mirrors the shape on the detector gets distorted. All settings were optimized in
a way that the bandwidth was as small and the spectrum as homogeneous as possible.
Nevertheless, after the optimization process a smaller bandwidth than 6.7eV FWHM
could not be obtained and no absorption edge was measurable preventing the observation
of magnetic XMCD contrast images in the rst shifts. Later it turned out that the bad
resolving power originated from a wrong oriented variable line spacing (VLS) grating
installed inside the PM/PG-U of the P04 beamline. The incorrect orientation lead to a
defocussing of the soft X-ray beam and smeared out the bandwidth. After turning over
the VLS grating by the P04 sta in February 2013, instantaneously a resolving power
of = > 10000became available and NEXAFS scans as well as XMCD microscopy
worked eventually in a successive shift in April 2013.

In order to measure the NEXAFS spectra in a subsequent beamtime, a 30 nm thick
permalloy layer located on a< 1:5um thick PMMA layer on top of a 200 nm silicon ni-
tride membrane (which is basically the precursor for the nanostructured samples without
performing the lift-o ) was inserted into the soft X-ray beam. The direct transmission
of the photons was monitored on a phosphor screen imaged onto a CCD detector by
recording the brightness of the cast shadow image of the membrane with respect to the
photon energy of the beamline ( gure 5.9).

After the orientation of the VLS grating was corrected inside the beamline, the spec-
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5.4. Transmission X-ray microscope
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Figure 5.9: NEXAFS spectra of a permalloy layer measured with monochromatized
light behind an exit slit opened 38 um after correcting the orientation of the VLS grating.

tral resolution was su cient for detecting the ne structure components namely the L
and L3 resonances. The high noise level in the data most probably originates from a
defective contact inside the CCD camera that was present during these measurements
and lead to uctuating brightness levels.

5.4 Transmission X-ray microscope

Along with the characterization of the TXM also brie y the alignment procedure of the
microscope at the beamline is sketched.

5.4.1 Alignment and grating condenser

The mobile soft X-ray microscopy endstation constructed in this work was set up and
commissioned in the rst beamtime shifts of this project in June 2012 only with a mod-
erate resolving power of the beamline due to the misoriented VLS grating (see previous
section). For pre-alignment of the microscope, the vacuum chambers were positioned on
the optical axis with help of a leveler and two apertures at the front- and back anges
of the chamber while visible white light generated in the dipole bending magnet of the
synchrotron served as a marker for the optical axis. Afterwards, the optical compo-
nents are positioned into the beam one after another starting with the grating condenser
pre-alignment. In order to verify the operation of the condenser and to ne-tune the
alignment, rst only the diraction image of the condenser was projected onto the CCD
detector.

Figure 5.10a shows an SEM image of the optic. In the far eld of the condenser
every grating di racts the beam according to equation 2.41 and the spots of constructive
interference for the rst and second positive and negative diraction ordersn become
visible on the detector. Spots corresponding to orders of di erent sign can be separated
by moving a knife edge into the beam so that only one half of the condenser is illuminated
because positive di raction orders are convergent while negative ones diverge. The rst
and second order of the illuminated half of the condenser are then visible in one half-plane
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(@) SEM images [28] showing the 1 mm di- (b) Diraction pattern of the grating con-
ameter grating condenser optic consisting denser with separated positive and negative
of 940 diraction gratings of 25um 25um diraction orders obtained by blocking one
size with a gold central stop of 500 um diam- half of the optic with a knife edge.

eter (see also table 4.2).

Figure 5.10: Real space and diraction image of the grating condenser optic.

of the detector while the minus rst and second one end up in the other half-plane. The
result of such an acquisition is depicted in gure 5.10b showing also the bigger divergence
of the n = 15t diraction order compared to the +15t order. The diraction pattern
closer to the center can only be explained by higher harmonics from the undulator. In
chapter 5.3 is discussed and demonstrated that the next harmonic of the undulator indeed
can be present in the soft X-ray beam for certain values of the PM/PG-U xed-focus
constant ¢ explaining the inner di raction pattern as the 15 di raction order of the
next harmonic radiation of the undulator. By a closer look into the peripheral region
of gure 5.10b also the 2" diraction order is apparent. A homogeneous illumination
of the whole optic with maximum photon ux is a criterion for a good alignment. This
can either be checked by equal brightness of all di raction spots or by the homogeneous
illumination of the cast shadow image of the condenser in th@™" di raction order directly
projected onto the detector.

The second step in setting up the microscope is the installation of the sample and
the zone plate. Once the condenser is installed and aligned, the sample is placed into
the focal plane of the condenser and pre-aligned with white light and leveler since the
condenser optic still transmits enough light to be visible. Typically, the sample is a
silicon frame with a silicon nitride membrane window of a few hundred micrometer size
that has to be positioned onto the optical axis. Eventually, the micro zone plate has to
be arranged onto the optical axis at its focal distance apart from the sample. In this
stage the white light normally can not be seen through the leveler any more because it
is attenuated too much by the soft X-ray optics and one has to rely on a good leveler
pre-alignment and nish the positioning in the working microscope with light from the
undulator.

Usually for the rst images a small magni cation of around M 300 was chosen
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5.4. Transmission X-ray microscope

since the adjustment is easier compared to large magni cations. The change to higher
values of M 700is not di cult to implement once the microscope is set up and well
aligned because only the detector has to be moved further away to increase the image
distance and the micro zone plate has to be refocused slightly to decrease the object
distance (equation 4.5). If the real sample consists of only a few small objects it can
be advantageous to install a mesh as rst sample o ering a periodic structure through
the whole eld of view that can be located more easily during alignment and focusing.
However, an aperture should be installed as well near the object to get rid of stray light.
For the 250um 250 um silicon nitride membranes this was not necessary, the small
membrane window itself acts as a su cient stray light shield.

5.4.2 Spatial resolution

If the magni cation of the X-ray microscope is high enough so that the spatial resolution
is not limited by the detector (see also section 4.7), it is dominated by the quality of the
optics i.e. the micro zone plate. The available zone plate with an outermost zone width
of rny =50nm allows a minimally observable distance of 61 nm according to equation
2.56. To check the achievable resolution, the pattern of a Siemens star was imprinted
into the sample of Co/Pt structures as well. In an image of the star withn black and
white spokes the resolution

d
—~ (5.4)

can be measured by determining the diameted up to which the spokes are separated.
A picture of a Siemens star with 50 spokes (i.e.n = 100) at M = 700 magni cation
recorded with the transmission X-ray microscope is depicted in gure 5.11a. The picture
was corrected by subtracting a dark image obtained with closed camera shutter to remove
artifacts originating from the camera. Additionally, the resulting data was divided by a
dark image corrected at- eld picture acquired after moving the sample out of the eld of
view to correct for features formed by the illumination eld. The inner part of the star is
obscured by remnants of the lithography process and down to this 2.5 um diameter area
all spokes are discernible. This provides an upper limit for the resolution | < 78 nm
conforming to equation 5.4.

To cross-check this value, a line pro le of an image of Co/Pt nanostructures (visible
in the inset of the graph) is plotted in gure 5.11b. The actual edge of the magnetic dot
is assumed to be smaller than the resolution of the TXM because the focus of the electron
microscope used for structuring in general limits the width since proximity e ects can
be neglected due to the lack of backscattering in the thin silicon nitride membrane. The
pattern is free from remnants as well since the dots are more isolated structures compared
to the dense line pattern of the Siemens star center. Similar to the TR-SKM data, a t
according to equation 2.48 is able to reconstruct the width of the Gaussian pro le in
the convolution. In this case it measures = (22 3)nm corresponding to a resolution
of | =(62 8)nm in consonance with the Rayleigh criterion when mapping the Airy
function (see section 2.2.2). The value agrees very well with the theoretical limit of

| =61 nm and suggests that the resolution is limited by the zone plate optic.
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(a) Dark image and at-eld corrected (b) Pro le of the line in the inset image of a nanos-
TXM image of a Siemens star with 50 tructured magnetic Co/Pt multilayer system tted

spokes. The inner part is obscured by by an error function with = (22 3)nm. The
remnants of the lithography process. signal increases from 10% to 90 % in 57 nm.

Figure 5.11: Siemens star and line pro le supporting a resolution limited by the zone
plate optic. Each image was exposed for 300 ms.

5.4.3 lllumination eld and spatial coherence

Due to the very small emittance of the PETRA Ill storage ring related to the small source
size, the soft X-ray beam experiences a high degree of spatial coherence. When working
at a small exit slit size in the PO4 beamline corresponding to a high resolving power,
the good monochromaticity additionally enhances the temporal coherence. For many
applications and experiments this is very favorable but in a full- eld microscope, however,
the coherent beam interferes in the image plane generating a severe speckle pattern in
the illumination eld visible in the background of gure 5.12. For the construction

of di erence images needed for XMCD measurements this is troublesome because the
speckle pattern also slightly changes for di erent photon helicities of the undulator and
dominates any magnetic XMCD di erence contrast.

This e ect has also been observed in other full- eld microscopes [207] and was resolved
by inducing vibrations to the beam to destroy the spatial coherence. For this microscope
di erent wobble mechanisms were tested and the best solution was installing a roughing
pump on the hexapod of the last beamline refocusing mirror in the RMU to shake it with
an amplitude larger than the speckle pattern period. Stirring the beam with the piezo
actuators in the hexapod by applying an AC voltage did not work very well because the
movement was too reproducible so that a structured background remained. Even ran-
domizing the frequency of the AC signal did not resolve this problem and, additionally,
the piezo controllers automatically switched o after some time stopping the movement.
Another method was shaking the condenser optic itself. This, however, resulted in me-
chanical vibrations inside the vacuum chamber destroying the spatial resolution of the
microscope and over time in damage of the piezo stage. Furthermore, the distance moved
back and forth was not completely reproducible so that after some time the focus of the
condenser shifts out of the eld of view in the microscope. The homogeneous illumination
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5.5. Fast gateable X-ray detector

Beam vibrations

(a) Co/Pt multilayer system with a transmis- (b) Chain of 500nm 375 nm permalloy rect-
sion of 75 % at the cobaltL 3 edge (778 eV). angles separated by 125nm with a transmis-
The red labels indicate the dot diameter while sion of 85 % at the iron L3 edge (707 eV).
the black labels specify the minimum distance Here, beam vibrations were induced to remove
between two dots. The image shows the sumthe speckle pattern in the illumination eld.

of 20 images taken at 250 ms exposure time atThe image shows the sum of 30 images taken
an exit slit of 2 mm. at 1s exposure time.

Figure 5.12: TXM images of nanostructured magnetic materials. The data is only
subtracted by a dark image and otherwise represents the raw output of the microscope.

eld generated by the vibrations of the roughing pump can be seen in gure 5.12. Only
a smoothed small speckle pattern remains that can be removed completely by correction
with at- eld images (compare also gure 5.11a).

5.5 Fast gateable X-ray detector

The commissioning of the fast gateable X-ray detector was done without an X-ray mi-
croscope at the beamline by projecting the cast shadow of a permalloy layer on a silicon
nitride membrane used for spectroscopy onto the rst uorescent screen. A crystalline
Ce:YAG and a 3um thin P46 phosphor screen were tested as photon converters into the
visible spectral range. By tuning the delay with respect to the storage ring trigger, the
moment of the image snapshot is adjusted giving the opportunity to resolve the pulses of
the synchrotron light due to the bunch structure inside the storage ring. These photon
pulses of the beamline convoluted with the afterglow of the screens (200n9 and the
intensi er photocathode gate pulse duration of 40 ns become visible in gure 5.13. Here,
the ring was lled with 40 bunches leading to a light pulse every 192 ns.

The amplitude between signal and background only ranges around two when using
the Ce:YAG screen while the thin P46 achieves a suppression of approximately an order of
magnitude to the permanent equilibrium background glowing level. Since the uorescent
material in both screens is the same, the thickness must be an explanation for the superior
P46 screen. Only a small fraction of the Ce:YAG is exposed to the soft X-ray beam due
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to the short penetration depth and a lot of uorescent light might be reabsorbed by the
crystal. The scattered light may lead to a higher background level.

Typically the detector is operated at 5.4kV MCP to phosphor voltage, 600V MCP
and 170V photocathode voltage. Higher MCP potentials resulting in more gain were
avoided because they lead to bright spots in the output signal which are unfavorable
in di erence image calculation. Additionally, the gain at 600V is su cient yielding
acceptable exposure times of the CCD camera. The pulse duration of 40 ns was chosen
because it is short enough to select the signal from only one bunch and further increase
does not result in considerably more counts in the camera. When setting up the detector,
the output pulse duration should be checked manually with a HV probe because it
depends on the trigger pulse duration and level.

During succeeding shifts at the PO4 beamline, rst the gateable detector was used for
time-resolved XMCD measurements at thenickel L edge and then a direct X-ray CCD
camera (Andor iKon-M) was installed for another TXM project on the investigation of
clay mineral samples at theiron L edge. The acquired at- eld data allows an immediate
comparison between the two detectors, because the samples were moved out of the the
eld of view. In case of the direct X-ray CCD, it has to be taken into account that one
photon creates more than one electron when the photon energy exceeds the threshold
of 3.65eV for creating an electron-hole pair in the silicon layer of the CCD chip. The
number of electronsNe per photon is then given by the photon energyE,y, divided by
3.65eV. With the knowledge of exposure timeg and quantum e ciency QE describing
here the probability of photon absorption in the depletion region, the photon ux

= @ N o Eph
QE N t ¢ 365eV

on the CCD chip can be calculated. The count< in an image relate to the electrons via

with (5.5)
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the conversion factore =ADU specifying the number of electrons per analog-to-digital
unit for the applied settings (in particular gain and readout rate). In case of detecting
visible photons of the image intensi er phosphor output screen with the camera in the
gateable detector, theN, factor equals unity because the photon energy of visible light is
below the threshold for creation of an electron-hole pair in the silicon layer of the CCD
chip and one photon in average creates less than one electron (compare section 3.1). The
CCD photon to electron conversion is then solely determined by the quantum e ciency

of the CCD chip.

The Andor X-ray CCD camera exhibits a quantum e ciency of 0.82 to 0.9 [6] in the
relevant photon energy range and experienced a photon ux of (8.1 0.3) 10° photons/s
calculated by equation 5.5 and the counts in the at- eld images. This corresponds to
(8 2) 10 photons/s emitted by the P04 beamline considering the di raction e ciency
of grating condenser and zone plate (each 10%) and is an order of magnitude lower
than speci ed by the beamline parameters suggesting 8 photons/s at the output ange
[45]. The discrepancy is most probably explained by an imperfect condenser illumination
because the beam size exceeds the condenser diameter of 1 mm at least in one direction
due to a missing refocusing mirror in the RMU of the beamline. Furthermore, owing to
the spectral resolution needed for the investigation of the clay mineral samples during
these experiments, the exit slit was kept rather small.

At comparable conditions the CCD chip of the camera in the permanently opened
gateable X-ray detector encountered a photon ux of (1.00 0.02) 10 visible photons/s
generated by the output phosphor screen of the image intensi er. This means that the
P46 phosphor plus relay optic plus image intensi er combination necessary for extracting
time-resolved information ampli es the signal by a factor of approximately 12.3 0.4 at
the given operation conditions. Theoretically, given the photon to photon conversion
e ciency of the phosphor (25 %), the transmission of the relay optic (9.25%) and the
luminous gain of the image intensi er (390 Im/(m? Ix)) speci ed in section 4.7.1, an overall
ampli cation of 0:25 0:0925 390 =9 is expected. The di erence between the expected
and measured value originates from the high uncertainty of the image intensi er gain due
to the non-linear ampli cation characteristics of the included MCP and from di erent
exit slit sizes applied in the compared measurements. In fact, the exit slit size was larger
during the experiments with the gateable detector in consonance with the obtained higher
ampli cation. In gated application (i.e. timing mode) the ux determined here is further
reduced by a factor of 40 due to the limitation on the light generated by a single bunch.

5.6 Reset coil and driver

In the present con guration described in section 4.2 the water-cooled coil including the
driver provides stable operation over several days at the full repetition rate of 130.1 kHz
with 1.5us to 2pus pulse duration inside a vacuum system at 110°® mbar base pres-
sure. A collection of data characterizing the reset coil and its custom designed driver is
presented in gure 5.14. Here, gure 5.14a shows a typical current pulse of 2 us pulse
duration with 7 A peak amplitude measured at the monitor port of the driver (see gure
E.1 in appendix E) providing a 100 mV/A signal at a 0.1W resistor in the coil current
loop. At the switching moments of the MOSFETSs electromagnetic pulses (EMPs) are
released and occur in the visible signal as disturbances as well.

The gures 5.14b - 5.14d show a magneto-optic Kerr microscope measurement ob-
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permalloy Im excited by the coil (EMP data permalloy Im excited by the coil (EMP data
subtracted). subtracted, eld direction inverted).
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Figure 5.14: Current pulse form and MOKE data for permalloy and Co/Pt layers
switched by the air-core coil.

tained with a fast scope connected to the output of the balanced photodetector in the
TR-SKM. A Co/Pt multilayer Im positioned below the coil case demonstrates that
these structures can be switched by a single magnetic eld pulse of the coil ( gure 5.14b)
which is important for pump-probe and reset experiments. The magnetization of the
Co/Pt multilayer remains in the direction of the pulsed eld even after the amplitude
has vanished due to the high coercivity. The same measurement has been repeated with a
permalloy Imin gures 5.14c and 5.14d for both directions of the coil eld switchable by

a relay. Usually, the thin Im is magnetized in the sample plane but during the presence
of the magnetic eld pulse an out-of-plane component is observable that vanishes after
the pulse is gone. A trace of the EMP obtained by acquiring the scope trace with the
laser switched o (i.e. no Kerr signal) has been subtracted from the measured dataset.
Generally, the magnetization pro le resembles the current (and thus the eld amplitude)
pro le which is expected because the displacement of the magnetization vector should

happen adiabatically on the time scales of the long (us) magnetic eld pulse compared
to the spin precession time (ps).
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Chapter 6

Results and discussion

With the characterization of both magnetic microscopy setups, the performance of all
important components (photocathode pulses, spectral resolution at P04, spatial resolu-
tion of SKM and TXM) could be veri ed to be su cient for time-resolved experiments
on the magnetization in micro- and nanostructures. The presented results in this chapter
exclusively contain information on the nature of the magnetization in di erent samples
imaged by the TR-SKM (section 6.1) and the TR-MTXM (section 6.2). Each section
rst reviews data obtained in static measurements and later on deals with the discussion
and interpretation of the dynamic studies. Both experiments cover aspects of the collec-
tive action of coupled con ned spin systems to a transient stimulus. The TR-SKM data
treats the investigation of emerging spin-waves in continuous Ims while the TR-MTXM
observes the dynamics in discrete elements excited out of their equilibrium magnetization
patterns and aims toward research on coupled systems.

Kerr rotation [arb. u.]

Position x [um]

Figure 6.1: Kerr signal of a 15um 15pum area of a commercial MO-disk scanned in
100 nm steps. The bits representing the data stored on the device are clearly visible.
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CHAPTER 6. Results and discussion

6.1 Time-resolved scanning Kerr microscopy

6.1.1 Static measurements

One of the rst samples measured in the constructed scanning Kerr microscope was a
commercial magneto-optical disk (MO-disk) because this storage medium relies on the
balanced detection of the polarization rotated by the polar magneto-optic Kerr e ect.
Figure 6.1 shows a map of the magnetization in a 15um 15um section scanned in
100 nm steps of a MO-disk previously lled with data. The magnetic bits of approx-
imately 1 um size represent the digital information in form of zeros and ones and are
clearly visible in the tracks of the disc. This image demonstrates that the SKM works as
expected for static measurements and can deal not only with arti cially prepared samples
but also exibly with objects from everyday life.

An example of imaging and manipulating an arti cially prepared sample is depicted
in gure 6.2. The data shows the color-coded Kerr signal in degrees of a 50 um50 pum
area scanned in 250 nm steps of out-of-plane magnetized Co/Pt multilayer islands sput-
tered through a mesh onto a sapphire substrate [153]. The left image was taken after
magnetizing the sample into one direction in the vicinity of a strong magnet while the
right image was obtained after magnetizing the sample into the opposite direction by
the other pole of the same magnet. So, in one image the magnetization points out of
the sample plane while it points into the sample plane in the other dataset leading to a
measurable Kerr angle of x  0:35° in good agreement with hysteresis measurements
giving k = 0:36° at another calibrated non-imaging MOKE setup [153]. This shows
that the SKM is also able to extract quantitative information out of magnetized samples.

Figure 6.2: Kerr signal of a 50 um 50 um area of an out-of-plane magnetized Co/Pt
multilayer system scanned in 250 nm steps. The two images represent two magnetization
con gurations of the system and the color scale maps the Kerr rotation angle in degrees
giving k  0:35° between both states presented in the images.

6.1.2 Temporally resolved spin-wave packets
Damon-Eshbach modes

A time-resolved measurement of a spin-wave packet in a permalloy slab in Damon-
Eshbach (DE) con guration of 10 um width, 35 um length and 30 nm thickness was per-
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6.1. Time-resolved scanning Kerr microscopy

Figure 6.3: Selected frames of the acquired spin-wave packet movie illustrating the
transient magnetization in a permalloy slab of 10 um width at six delay settings.

formed with the TR-SKM. The spin-wave is launched into the slab at the overlapping
region between waveguide and permalloy ( gure 2.7) by the short excitation pulse gener-
ated in the photocathode. Figure 6.3 depicts six frames of the spin-wave movieshowing
the M, component of the magnetization measured by the TR-SKM at di erent delays
after the excitation. The moment t = Os indicates temporal overlap with the current
pulse in the waveguide and the spatial overlap between waveguide and permalloy slab
ends atx = 5 um. The current pulse initiates spin precession with the eigenfrequency
of the permalloy stripe in an external eld of 60 mT (compare calculation in gure 2.8).
Notable is that the excitation is maximal at the boundary of the waveguide which is
explainable by the skin e ect providing maximal current densities at the surface of the
conductor for high frequencies (compare simulation in gure 4.3). The initially con ned
excitation starts to spread out into positive x direction after some time because neigh-
boring spins not directly excited by the eld of the pulse see the initiated gyration
and an energy transfer of the precessional motion takes place via dipolar and exchange
coupling.

Each image was acquired by scanning ax =12 yum and y =6 pum area in 500 nm
steps and measuring a trace of the balanced photodetector output of 50kS length at a
sample rate of 250kS/s. This means the DAQ consumes 200 ms by averaging over
26 000 laser pulses (i.e. pump-probe cycles) per data point. In order to obtain temporal
information, the delay t between the pump and probe pulses has to be varied. For this
measurement a scan range of 1.5ns was swept in 5ps steps which means it consumes in
total

12pm 6um 1:55ns
T= %9?2@}5 =4:8h (6.1)
DAQ time |5_O&n_rp |5_091n_r}1 | _5{95}
per data point Pixel in Pixel in Number of
x direction y direction time steps

! Additional frames of this movie are available as ip-book Im sequence in the bottom left corner of
this thesis.

91



CHAPTER 6. Results and discussion

Figure 6.4. Magnetization compo-
nent M, with respect to time spa-
tially averaged over an area of X
=5umto 10umand y = =1.5um
to 3 um excluding the boundaries and
the overlap region in contact with the
waveguide (blue curve). The t ac-
cording to equation 6.2 (red curve)
returns an oscillation frequency of
fr =(7:07 0:02) GHz and a damp-
ing constant of = (2:0 0:2)ns L.
The inset shows a Fourier transform
peaked at 7.03 GHz.

only considering the DAQ time and neglecting the piezo positioning time and the move-
ment of the delay stage leading to 5.5h total expenditure of time. Stable operation of
all components is mandatory during this time because the pump-probe approach relies
on the reproducibility of each measurement.

The lock-in ampli er was set to a sensitivity of 300uV full-scale at low drift which
represents maximal sensitivity without generating an overload error in the ampli er. The
integration time-constant of 300 ms was chosen to be comparable to the time consumption
of one data acquisition to minimize the overlap of the signal between adjacent data
points?. For e cient ltering of low frequency noise, the chopper ran at 995Hz close to
its maximal frequency of 1 kHz.

The green probe laser power of 30uW corresponding to 230 pJ pulse energy and
1.6 10" W/cm 2 peak intensity on the sample was set right below the damage threshold
of the material to gain maximal signal per shot without destroying the metallic layers.
The photocathode operated at an anode voltage of 3kV resulting in an average current
of 2 A at 400mW UV laser power measured before entering the vacuum chamber. Be-
cause during a TR-SKM experiment the parasitic measurement of the current pulses
is impossible, the anode current is the only indicator for the extracted charge and was
monitored to optimize the alignment of the UV beam onto the photocathode. Given the
repetition rate of the laser, the charge of each bunch can be estimated to 15pC. This is
consistent with the quantum e ciency of the (uncleaned) cathode in the range of 16°.
The pressure inside the chamber was kept at 1.71.0°" mbar with inserted laser beam.

Figure 6.4 shows the spatially averaged, oscillation amplitude over x =5 um to
10um and y = =1.5um to 3um by excluding the boundaries and the overlap region
with the waveguide. The trace resembles a damped oscillation and a t described by the
maodel

q
Mz(t)= Mo Ma (t to) e ' sin 12 2 (1t tg) (6.2)

2Technically, the DAQ time should exceed the lock-in integration time-constant to avoid any overlap
between adjacent data points. Originally, the trace length was set to 125kS corresponding to a DAQ
time of 500 ms but unfortunately only 50 kS were taken at each scan point due to a software bug in the
experimental control program that was discovered after the measurements.

92
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Figure 6.5: The top image shows the propagation of the spin-wave packet ir direction
with respect to time at a xed transversal position in the center of the slab y = 0 um).
The black lines are a measure of the propagation of the maxima and minima and cor-
respond to the phase velocityvpn. In the bottom image the spatial distribution of the
transversal modes at a xed longitudinal position at (x = 8 um) is displayed with respect
to time.

was applied with ( t) describing the Heaviside step function] ¢ the (undamped) eigen-
frequency and the damping coe cient. Mg, Ma and tg are additional t parameters to
match the o set, amplitude and temporal overlap. The best agreement was achieved for
a resonance frequency, = ! o=(2 )= (7:07 0:02)GHzand =(2:0 0:2)ns . This
oscillation frequency agrees with the maximum of the Fourier transform at 7.03 GHz pre-
sented in the inset of gure 6.4 within the accuracy of the fast Fourier transform (FFT)
due to discretization. However, at time delays larger than 700 ps the data is not de-
scribed very well by a single frequency oscillation and experiences a chirp toward higher
frequencies. As we will see later this only seems to be the case in a spatially averaged
evaluation and the gyration at one particular pixel position is well described by the single
frequency model. Additionally, when comparing the data to the prediction obtained by
discretely solving the LLG equation in gure 3.2a, it is conspicuous that the damping
is much stronger than expected. Equation 2.33 relates the damping constant to the
dimensionless damping parameter and returns for the measured value 0:02 more
than a factor of two higher than = 0:008 for permalloy. An explanation for this e ect

is the limited area scanned by the Kerr microscope being smaller than the dimensions of
the 10um 35 pum permalloy slab. Due to the coupled spin motion, energy is transferred
through the system and eventually out of the scan window which makes the damping
look stronger. An integration over the whole slab should give the correct decay of the
oscillation amplitude described by the damping constant of permalloy. Another fea-
ture connected to the current pulse duration can be explored by comparing the LLG
simulation in gure 3.2 with the presented dynamics. Exciting the system with a rather
long current pulse of 118 ps FWHM duration leads to an overshoot in the beginning of
the damped oscillation during the presence of the pulse eld. In an excitation with a
7 ps FWHM pulse shorter than the FMR gyration period this feature is not visible which
indicates that the current pulses generated by the photocathode are shorter than 10 ps
FWHM where the under- and overshoots vanish. The pulse duration measured in the
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Figure 6.6: Calculated data of the spin-wave packet propagation in a 10 um permalloy
slab similar to gure 6.5 using equation 2.31 and a time dependent amplitude of the
second transversal mode. The curvature in the bottom image agrees most with the
measured pro le by applying a phase shift of =40°.

cathode test setup then must have been limited by the scope bandwidth.

So far, the spatially averaged data set was discussed. Gaining more insight is possible
by investigating the TR-SKM measurement temporally and spatially resolved. Figure 6.5
presents the color-coded amplitude of the magnetization componeri!, in propagation
direction (x) at a xed transversal position y = 0 um in the center of the slab over time
(top) as well as the magnetization distribution along they axis at a xed longitudinal
position x = 8 um over time (bottom).

The top image re ects the propagation of a spin-wave packet created by the eld pulse
along thex axis. By analyzing the maxima and minima positions with respect to time, the
propagation speed of a particular extremum is traceable and relates to the phase velocity
Vph = !=k via the slope measuring the propagated distance x in a time interval t.
The trajectories are agged by black lines and the extracted phase velocities are collected
in gure 6.8a with the error bars representing the uncertainty of locating the extremum
position due to the nite pixel size of 500 nm and 5ps. An overall decrease of the phase
velocity from (150 25)km/s to (71 25)km/s can be observed. However, in a region
between 400 ps to 700 ps the velocity increases and drops afterwards to a constant level.
Actually, the phase velocity is expected to increase for smaller wave vectojgj according
to the dispersion relation and the life time of a magnon scales reciprocal with the wave
vectors [102]. Because ofkj = 2 = this means long-wave oscillations should survive
in the end while short-wave oscillations are stronger attenuated. Consequently, a higher
phase velocity is predicted along the propagation path [196]. Possibly, the magnetostatic
conditions in the models do not apply for transient excitations in this experiment or the
transition to higher phase velocities happens out of the scan window because it could be
observed in a 15 um wide stripe presented later.

The bottom image depicts areas of constant phase over the slab width and illustrates
the transition from initially plane wave fronts to a curved structure. Due to limitations in
data acquisition time only an area of y =6 um of the total 10 um was scanned and not
completely centered on the slab around positiory = 0 um. The emerging curvature can
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6.1. Time-resolved scanning Kerr microscopy

(a) Spin-wave packet data with t at x = (b) Spin-wave packet data with t at x =
8um andy =0 pm. 12pm andy = 0 pm.

Figure 6.7: Spin-wave packets at two di erent positions. The blue curve represents the
Kerr signal proportional to the magnetization componentM , and the red curve shows a
t to the data in line with equation 6.3.

be explained by interference of the rst two quantized transversal mode&,y, with n =1;3
according to equation 2.26 due to the limited slab width where the spin-wave has to vanish
at the boundaries. Remember that the relative amplitude of then = 3 mode is reduced by
a factor of three compared to the rst one. This interference e ect of quantized spin-wave
modes is well known and has been observed before [123, 124, 142] by continuous-wave
microwave excitation of the system at a single xed frequency and allows observation of
the steady-state mode distribution. Now, using a pulsed excitation of spin-wave packets
in the present setup, the possibility arises to monitor the adjustment of the initial plane
waves to the slab geometry and to see how the curvature emerges. Initially, the spin-
wave does not know about the boundary conditions direct after creation and along the
propagation e ects of the nearby boundaries become prominent due to re ections on the
edges when the wave packet senses the spatial limitations. Note that the pattern in
gure 6.5 represents the spin-wave atx = 8 um already behind the excitation region.

The structure of the data is reconstructible by superposition of the rst two modes
as stated in equation 2.31 with the result presented in gure 6.6 using the extracted
group velocity vg and wave packet duration obtained in the further analysis. The
oscillation frequency! and the jRj vector amplitude corresponding to the group velocity
are extracted from the spin-wave dispersion relation. The phase shift is responsible for
the curvature in the bottom image of gure 6.6 and the best agreement with the measured
data is achieved for' = 40°. Furthermore, a time-dependent increasing amplitude
az(t)= ay=3 1 exp ZL of the second transversal mode including the duration of
the wave-packet was included into the model to account for the transient response in
the beginning of the oscillation dominated by the rst transversal mode. The amplitude
ful lls the mandatory boundary conditions tIimoag(t) =0 and tI'ilm az(t) = a;=3. The
reproduced data with equation 2.31, however, lacks a good agréement from O ps to 400 ps
in the top image during the creation of the wave packet. A more sophisticated model
describing not only the steady state motion but also the transient response directly after
the pulse is needed and currently under development using micromagnetic simulations.

The fact that we deal with spin-wave packets is emphasized when plotting the mag-
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(a) Phase velocity of the spin-wave decreas-(b) Spin-wave packet position and timet, re-
ing from (150 25)km/s to (71 25)km/s lating to a group velocity of (5.9 0.7)km/s
according to the traces marked in gure 6.5. via a linear t.

Figure 6.8: Phase velocitiesvpn and group velocity vy of the spin-wave packet in the
10 um width permalloy slab.

netization amplitude of horizontal slices corresponding to di erentx positions in the top
image of gure 6.5. Two examples of the spin-wave structure are given in gure 6.7
for the position x = 8 ym and 12puym aty = O um in the center of the slab. The plots
distinctly demonstrate the structure of the wave-packets described by an oscillating term
with a Gaussian envelope:

(t tp)?

2 2
It is clearly visible that the maximal amplitude decreases for largerx positions while the
required time for the maximum to reach this positions increases. Furthermore, the spin
wave-packet experiences a broadening due to dispersion as the pulse duratioincreases.
As mentioned before, now it is obvious that the data for individual points is characterized
by a single frequency oscillation without a chirp unlike to the spatially averaged data in
gure 6.4. To explore the properties of the spin-wave packet, a t in consonance with
equation 6.3 was applied to eactx position at a xed y = 0 um coordinate in order to
extract the oscillation frequencyf = !=(2 ), wave-packet positiontp, pulse duration
and peak amplitude M 5. The additional parameters My and to account for signal o set
and excitation moment (i.e. arrival time of the pump pulse), respectively.

By relating the position of the maximal spin-wave amplitude in the center of the
Gaussian envelope to the timet, needed to get there, we are able to quantify the group
velocity vg =  x= tp that describes the conveyor speed of the whole wave-packet. Figure
6.8b collectst, from all ts for each x position with an error bar governed by a 95 %
con dence interval. In the t only locations >x =6 um are taken into account because
for smaller values no propagation is observed due to the local excitation arourx =5 pum
and the directed motion toward positive x positions for the DE modes. The data at
X < 3um is completely excluded and not shown due to lacking oscillation. The plot
suggests a linear relationship and the application of the model = 1=vy x + b gives a
group velocity of (5.9 0.7) km/s close to the maximum ofvg = 5:98 km=sin gure 2.10b
extracted from the derivative of the dispersion relation. This group velocity corresponds

Mz(t)= Mg Ma (t to) exp sin(! (t tg)): (6.3)
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6.1. Time-resolved scanning Kerr microscopy

(a) Carrier frequency dependence on the wave (b) Wave packet broadening due to an in-
packet position. creasing pulse duration .

Figure 6.9: Spin-wave packet frequency and pulse duration with respect to the posi-
tion in propagation direction.

to a wave number ofk = 0:37um . The agreement with the maximum of the calculated
velocity curve is reasonable because this function has to be convoluted with the spectrum
of the pulse given in gure 2.11b in order to obtain the excitation probability of the group
velocities. The pulse spectrum only favors the stimulation of smaljJRj vectors due to the
dominance of the spatial overlap between permalloy and waveguide.

An analysis of the wave-packet carrier frequency at individual x positions results in
the plot presented in gure 6.9a. Until the point where the wave packet is released (i.e.
after the maximum position of the excitation in propagation direction), the frequency
decreases linearly and then increases again for positions behind the origin of the wave-
packet until a maximum at 9.5 um is reached after which another drop in frequency sets
in. The form of the carrier frequency with respect to time is remarkably similar to the
form of the phase velocity with respect to the propagated distance. In fact, the traveled
distance of the wave-packet is linearly related to the time via the group velocity which
might be an indication that the phase velocity dependencery, = !=k is dominated by
the frequency change. As discussed before, the propagation of the wave packet starts at
X > 6um (see gure 6.8b) which might be a hint that the aforementioned expected rising
phase velocity is not observed here due to non steady-state conditions of the spin-wave
packet.

The wave packet pulse duration in gure 6.9b expands over the whole propagation
distance and the two examples given in gure 6.7 perfectly emphasize this e ect. But
there is also a di erence in the broadening before and after the release point of the spin-
wave packet as the duration rises exponentially untix = 6:5um and linearly afterwards.
This can be understood considering the fact that the wave packet rst has to form
by escaping from the point of origin after pump pulse arrival. During this period the
maximum of the Gaussian envelope is assumed to be at smallpositions in front of the
origin of the wave packet and in total two broadening mechanisms take place. Namely,
the propagation of the wave-packet emerging out of the waveguide border leading to a
larger observable part and the broadening due to dispersion and frequency dependent
damping. Dispersion describes an unequal propagation velocity for individual frequency
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Figure 6.10: Spin-wave packet peak am-
plitude at xed y = O pm coordinate with
respect to the x position in propagation di-
rection. The amplitude of the wave packet
rst increases as is emerges out of the exci-
tation zone and then decreases again due to
damping and broadening of the wave packet.

components and leads to a di usion of the wave packet observed in the linear slope of
the pulse duration.

Owing to the temporal broadening of the wave packet, the related energy is dis-
tributed over an extended time interval. Figure 6.10 collects the peak amplitude of the
wave packet with respect to the wave packet positiorx in propagation direction. During
the creation of the spin-wave packet, the amplitude rst increases until the localized
wave is released out of the source region. A subsequent decrease in peak amplitude is
evident due to damping of the spin precession via the material damping parameter and
due to the broadening of the wave packet. Possibly, an inelastic energy transfer between
neighboring spins is subject to another spatially dependent damping term. It is not triv-
ial do disentangle all contributions if the exact spatial and temporal dependence of the
damping mechanisms is not known. Dedicated measurements have to be performed to
characterize the individual factors.

Regarding the frequency dependent damping as one wave packet broadening mecha-
nism, the spatially resolved Fourier transform obtained by applying the FFT algorithm
to the data of gure 6.5 illustrates the spatial dependence of the frequency component
amplitudes. The resulting pattern is given in gure 6.11. The Fourier transformed data
relates the properties in the time domain to spectral information in the sense that an
in nitely extended wave of a single frequency corresponds to an in nitely small spectrum
of only one frequency component. A short pulse, on the other hand, needs a broad spec-
trum with su cient superposed frequencies to achieve destructive interference out of its
boundaries resulting in a con ned oscillation.

In the left image of gure 6.11 showing the frequency components with respect to the
propagation direction x we already see that a broad spectrum is present in the source
region where the wave packet is created compared to the small spectrum around the
resonance frequency peaking at 7.03 GHz for greater distances. With the two spin-wave
examples in gure 6.7 this becomes more clear; the left packet is rather con ned while
the right packet after the arrival time of the pump pulse looks similar to a continuous-
wave oscillation. In the source region up tox = 5 um the spectrum is extended to
the low frequency region and the additional components rapidly die o toward higher
x values. This is contradictory to the aforementioned fact that higher frequency com-
ponents experience stronger damping (i.e. shorter magnon life times). However, after
the release of the wave-packet ak > 6um this behavior is con rmed because frequency
components> 7:03 GHz decrease along the propagation direction indicating increased
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6.1. Time-resolved scanning Kerr microscopy

Figure 6.11: Spatially resolved fast Fourier transform of the data presented in gure
6.5 at the constanty = 0 um (left) and x = 8 um position (right).

frequency-dependent damping.

The right image shows the FFT along the transversal slab axis at the xed position
X = 8 um with a more or less constant spectrum along the width of the permalloy stripe.
In the center of the slab the spectrum is shifted and looks slightly broader compared to the
boundaries. This could be explained by re ection of the wave fronts at the boundaries
where frequency components might be annihilated. Because the FFT data is related
to the real space plots in gure 6.5 where the transversal pro le is shown after a few
micrometers of propagation, additional frequency components already have vanished.

The previous analysis in this subsection was all based on one measurement observing
the transient magnetic response of a 10 um wide permalloy slab after excitation. Lastly,
another data set acquired by monitoring the Kerr signal of a 15 pm wide permalloy slab
will be shortly summarized. The parameters of the previous experiment apply apart
from a higher anode current of 2.8 pA achieved here due to an improved laser alignment
and a scan area of 17um 17 um in 500 nm steps. Overall, it shows the same aspects
as described before (creation and propagation of the wave-packet and broadening) which
will not be presented again.

Figure 6.12 collects the most important information extracted from this measurement
and in the top image of gure 6.12a the decrease in phase velocityver time is visible
in the decreasing slope of the extrema similar to the previous measurement. However,
an additional curvature to the left present in the data points of xed phase suggest that
the phase velocity increaseslong the propagation directionas expected by the afore-
mentioned model where long-wave magnons survive. This is con rmed by the analysis
of the wave packet carrier frequency with respect to thex coordinate presented in gure
6.12b that shows a decrease of the frequency which is related to the phase velocity by
vph = 2 f=k . The curvature of the phase fronts could also be reproduced in rst OOMMF
simulations by Jan-Niklas Todt [196]. The group velocity of (5.8 0.5)km/s has not
changed compared to the previous measurement on the 10 um slab.

Supplementary, measurements with an inverted external eld direction have been
performed. The data will not be discussed here in detail but the relevant plots are
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(&) Propagation in x direction at xed y =0 um (top) and (b) Carrier frequency with re-
transversal modes atx = 13:5um (bottom) with respect to spect to the wave packet position.
time.

Figure 6.12: Spin-wave packet propagation in a 15um wide permalloy slab.

shown in gure C.7 - C.10 in appendix C. In summary, the inversion of the eld also
reverses the propagation direction of the DE modes and due to the position of one stripe
boundary close to the excitation region, also no propagation toward the preferred negative
x direction is possible. During the rst oscillation periods indeed no transfer of the wave
fronts along the positive x direction is visible (zero phase velocity). However, later the
maxima and minima are transferred along this axis most probably after re ection at the
slab boundary which is approached after wave packet creation.

Backward volume modes

So far, only spin-waves in Damon-Eshbach (DE) geometry according to gure 2.7 with a
wave-vector perpendicular to the external eld have been discussed. To excite backward
volume (BV) modes introduced in section 2.1 with a wave vectoparallel to the bias eld
and a dispersion relation given in gure 2.10, the eld direction has to be rotated by
90°. Due to repositioning of the permanent magnets generating the external eld, the
amplitude changed as well. Here, BV modes were excited in a 35pum10pum 0.03 um
permalloy stripe and represent the rst direct observation of backward volume modes
in permalloy since such a measurement has not been reported in the literature so far.
In general, the experimental conditions of the previous section apply except for the
larger spatial scan area of 10pum 10pm in 500 nm steps and the narrower temporal
scan range of 1.4ns in 5 ps steps. The slightly higher UV laser power of 450 mW driving
the photocathode resulted in a comparable average anode current of 2.2 yA at 3.5kV
extraction voltage. The chopper for lock-in detection was operated at 1 kHz full speed.
Six selected frames of the movie are presented in gure 6.13. Similar to the Damon-
Eshbach con guration, the magnetic dipole moments in overlap with the waveguide at
small x values are excited out of their equilibrium state by the short magnetic eld
pulse generated in the photocathode. The resulting dynamics, however, is quite di erent
because in this experiment the oscillation maxima and minima enter the scanned area
from the right side (high x values) and do not emerge out of the excitation region. In the
presented frames the blue color-coded minimum approaches the waveguide from the top
right corner. Consulting the dispersion relation, the negative slope for smalk vectors
in the BV case presented in gure 2.10a leads to a counterpropagating group velocity
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6.1. Time-resolved scanning Kerr microscopy

Figure 6.13. Selected frames of the acquired spin-wave movie of a backward volume
mode illustrating the transient magnetization in a permalloy slab of 10 um width at six
delay settings.

with respect to the phase velocity. This is represented by a negative sign ef in gure
2.10b and can explain the observed characteristics. Unlike the DE modes, BV modes
do not feature a preferred propagation direction and will propagate toward positiveand
negative x positions. Since the permalloy stripe terminates at the waveguide and is
from there on elongated along the positivex direction, the only possible propagation
path connected to the group velocity vector orientation points along this axis, too. In
consequence, the phase velocity has to point into the opposite direction which explains the
advancing oscillation wave fronts from positivex positions toward the waveguide. Despite
the negative phase velocity represented by the wave fronts approaching the excitation
region, the transportation direction of energy associated with the wave packet points
along the group velocity away from the excitation point toward positive x values. A part
of the wave packet initially launched along the negativex axis will be re ected on the
left slab boundary and interfere with the wave packet launched into positivex direction
(compare also the re ected DE modes with a reversed eld direction in gure C.7 - C.10in
appendix C). Two examples of the wave packet at di erentx positions are given in gure
6.14 and emphasize the fact that the spin-wave spreads out toward positivevalues. Due
to the smaller frequency compared to the DE modes only a few oscillations are visible
in the accessible time interval and it is hard to extract the envelope of the data. The
wave packet also quickly broadens over the scanned time range. Moreover, the measured
BV Kerr signal is weaker and thus noisier compared to the DE oscillations because the
oscillation is mainly triggered via the out-of-plane () component of the driving eld
pulse so that only a fraction of the pulse energy is transferred to the magnetic system.
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(a) Spin-wave packet data atx = 3 um and (b) Spin-wave packet data atx = 6 ym and
y =0 pum. y =0 pum.

Figure 6.14: Spin-wave packets of the backward volume mode at two distinct positions
of the slab with respect to time.

Similar to the DE spin-wave packets, a time-resolved overview of the data is given
in gure 6.15 with respect to the propagation direction at a xed y = 0 um position in
the center of the slab (top) and at a xed x = 7 pm position for a variable y coordinate
along the short slab elongation (bottom). The negative phase velocity is illustrated
by the negative slopes of the maxima and minima in the top image. The oscillation
frequency of 3.5 GHz relates via the dispersion relation (equation 2.28) to an external
eld of 3mT for BV modes with small K vectors. The applied bias eld generated
by two permanent magnets should be an order of magnitude higher but can not be
measured directly at the sample position due to space constraints. The steel of the
sample ange possibly modi es the eld and may explain the deviation. Conspicuous

Figure 6.15: The top image shows the propagation of the backward volume spin-wave
packet in  x direction with respect to time at a xed transversal position in the center
of the slab (y = 0 um). In the bottom image the spatial distribution of the transversal
modes at a xed longitudinal position at (x =7 um) is displayed with respect to time.
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is that the propagation velocity vector does not point parallel to the elongated stripe
direction as expected assuming a perfect collinear alignment of the external eld with
respect to the eld pulses. The extrema enter the scan window from the top right corner
in gure 6.13 corresponding to the tilted wavefronts in the bottom image of gure 6.15.
This is explained by the sensitivity of the group velocity on the external eld direction
because a slight misalignment of the external eld by 2° already tilts the group velocity
vector by approximately 30° [196]. Note that a perfect collinear alignment results in a
vanishing torque on the magnetic dipole moments by theh, component of the dynamic
eld indicating that the dynamics is mainly driven by the h, component.

Most of the hitherto observed dynamics is elegantly and consistently explained by
the dispersion relation of magnetostatic waves.

Excitation without external eld

The last presented TR-SKM measurement was performed without an arti cial exter-
nal eld and the parameters of the previous experiment remain except for the removed
magnets and a ner temporal scan step size of 2.5ps. Due to pumping with isolated
broadband pulses generated by the photocathode, the transient reaction of the magne-
tization to a short stimulus can be monitored in the permalloy slab. The commonly
performed excitation with a single-frequency microwave signal done in other SKM se-
tups only allows a time-resolved monitoring of the steady-state after several oscillation
periods owing to the continuous signal injection.

Six selected frames of the acquired movie in a 10 um wide permalloy stripe are de-
picted in gure 6.16. The pulsed dynamic eld de ects the magnetic moments in overlap

Figure 6.16: Selected frames of the acquired movie of the transient magnetization in
an exited permalloy slab of 10 um width without an external eld at six delay settings.
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with the waveguide (t = 150 ps) which gyrate within 100 ps into the opposite direction.
Subsequently, the unfavorable alignment along the out of plane direction decays via an
anti-ferromagnetic state where the M, magnetization component reverses over the slab
width (t = 300 ps to 400 ps) until M, vanishes completely.
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(@ Domain structure of 1um 1um and (b) Arrays of small permalloy bar magnets of
2um  2pum permalloy squares as well as al10nm thickness with some elements (black)
modulated nano-wire. The dark background switched opposite to the array magnetization
in the left is a part of the 10 um wide coplanar direction (white). The bottom array con-
waveguide conductor. Displayed is the sum of sists of 1.3um 0.3 um elements separated by
40 di erence images exposed for 1s at each 40nm (SEM image in gure 4.5b). The
photon helicity. waveguide is located on the right and overlaps
with one array column.

Figure 6.17: Full- eld XMCD images of patterned permalloy structures obtained by
subtracting two images taken at di erent photon helicities. Black and white contrast
corresponds to opposite magnetic orientations along the horizontat axis.

6.2 Time-resolved magnetic transmission X-ray microscopy

After installing the transmission X-ray microscope and locating the nickelL 3 resonance
(see chapter 5), the setup is ready to acquire XMCD images to trace the magnetization
in thin magnetic Ims. Because the pump rate is limited to the revolution frequency
of the synchrotron, time-resolved measurements require the fast gateable X-ray detector
(section 4.7.1) to select light originating from one of the 40 bunches inside the storage
ring to lter signal without dynamic information. Static XMCD images can be obtained
using the whole light of the beamline to minimize the exposure time by permanently
opening of the detector.

6.2.1 Static measurements

An example of a static XMCD image is given in gure 6.17a where the magnetization
of patterned permalloy micro- and nano-structures in the vicinity of the CPW conduc-

tor is displayed. A part of the 10 um wide conductor of the waveguide is visible as
slightly darker background in the left half of the image. Located in the top and center

are one 1pym 1pm and three 2um 2 pm squares while the bottom shows modulated
nano-wires with 600nm 400 nm elements. All items are created out of a 30 nm thick
permalloy layer. The XMCD image is based on two sets of images acquired at di erent
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Figure 6.18: Image processing steps to create an XMCD magnetization map: First,
the counts of every 16 bit camera picture acquired at the same photon helicity are stored
in a stack of images. If dark and at- eld images are available, each le in the stack is
subtracted by the dark image and divided by the at- eld data. Afterwards, all images

in a stack are added up to generate one 32bit le for each helicity. These two images
are subtracted from each other to visualize the XMCD contrast. If no at- eld data is
available, an arti cial at- eld background is generated by averaging over a large pixel
number to remove the structure information but keep the large scale illumination eld.
Lastly, the XMCD e is divided by the background to obtain the nal image.

photon helicities ( gure 6.18). In order to reach the excellent signal to noise ratio, 40
images of 1s exposure time were captured at each helicity. Longer exposures are not
feasible owing to overexposure of the CCD chip and blooming of the charge to neighbor-
ing pixels. To increase the total signal, more images have to be collected in a row. The
pixel information of the image stack is added up to create one le for each photon helic-
ity. These two les are subtracted from each other and the XMCD absorption di erence
remains corresponding to the magnetization vector direction projected onto the photon
propagation path. Ideally, the structure of the non-magnetic waveguide should vanish
after subtraction. The residual contrast originates most probably from slightly unequal
brightness levels distributed over the beam pro le and a small change of the beam po-
sition when switching the polarization by moving the undulator shift. Additionally, an
arti cial at- eld correction generated of out a smoothed averaged image was applied
here. The editing was performed to correct for the intensity decay in the outer regions
of the image present due to vignetting in the relay optic combined with the illumination
pro le of the condenser.

Attention should now be drawn to the substructure of the magnetic elements. The
brightness di erence maps the in-plane magnetization along the horizontak direction.
Facing the rightmost permalloy square we nd three di erent shades of gray showing a
pyramid-like ux closure Landau pattern consisting of four domains. According to the
data the top and bottom domain point into opposite directions (left and right in the
image) because they experience unequal absorption contrast while the left and right do-
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main experience a gray level in between. When comparing the pattern to the equilibrium
state in the micromagnetic simulation (gure 3.3), we know that one of the remaining
two domains points upward and the other one downward. These directions do not ex-
perience any overlap with the photon beam path due to the sample tilt angle which
makes the setup insensitive to detect the magnetization along the verticay axis, thus
there is no detectable di erence contrast comparing those domains. The Landau pattern
is the most e cient way for the given structure to minimize all energetic contributions
(compare section 2.1 and the simulation in section 3.3) and the four domain state with
the magnetization curled around a vortex core in the center minimizes for example an
energetically expensive stray eld. Interestingly, the square to the left located on the
edge of the waveguide experiences a more complicated domain pattern while all other
guadratic structures resemble the ux closure vortex. Because this element is located
directly at the border of the copper waveguide, it might be exposed to material strain
that generates an anisotropy favoring the particular domain pattern [188]. Note that
these systems were not exposed to magnetic elds other than the earth's eld and any
excitations were performed after taking this image.

When an external magnetic eld is applied to the
guadratic structure, the domain aligned along the eld
lines grows on cost of the other domains' size. After in-
stalling the permanent magnet, the modi ed pattern de-
picted in gure 6.19 could be observed with a displaced
vortex core. Dynamic elds generated by AC currents
can drive the ux-closure structure of the square into
a gyrotropic eigenmode leading to periodic oscillations
of the vortex core [34, 101, 205, 105] at a characteristic
eigenfrequency [82] described by a harmonic oscillator
model [125].

Figure 6.19: Flux closure
arrangement of a 2um 2pm
permalloy square modied by
an external static eld of the
permanent magnet. The do-
main sizes adjust equivalent to
the orientation to the magnetic
ux lines and the vortex core is
displaced accordingly.

Another static image of 10 nm thick arrays of mag-
netic permalloy elements discussed in the simulations of
section 3.3.2 is given in gure 6.17b. The presented data
was part of a dynamic analysis where the detector was
operated in gated mode implying that only 1=40 of the
ux was present. For this acquisition ve images of 30s
exposure time were taken. The lower array shows rect-
angular 1.3um 0.3 um elements separated by 40nm
conforming to the SEM image in gure 4.5b. The reset
pulses of the coil aligned the array into one direction
(white contrast) and oppositely directed pulses in the waveguide switched the elements
in overlap to tackle the initiation of non-reversible dynamics already mentioned in the
introduction. Here, a state during the alignment procedure is presented where some ele-
ments have switched (black contrast). Details on the pump, probe and reset procedure
are elaborated later in section 6.2.3. The image demonstrates that features below the
61 nm resolution limit of the Rayleigh criterion are observable which is anticipated be-
cause this limit demands a contrast of 26 % and smaller features might be observed on
cost of contrast. The Sparrow criterion dened by |1 =0:94 ry = 47nm states the
condition where individual details become indiscernible.
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6.2.2 Reversible dynamical experiments
Laser-triggered measurements

The rst experiment aiming to the initia-

tion of reversible dynamics in magnetic struc-

tures without using permanent magnet and

reset coil was performed with the photocath-

ode switch triggered by the synchronized fem-

tosecond laser system and the sample in gure

4.8b. For this purpose the Landau ux clo-

sure squares are ideal candidates because they

normally relax to the vortex state automati-

cally after excitation without any need of ac-

tive reset. The rst step in this experiment

is to nd the temporal overlap between pump,

probe and detector gate pulses. In the case

of laser excitation the synchronization between

pump and probe pulse can be achieved with the

help of an XUV photodiode that is moved into

the soft X-ray beam and a UV diode collect-

ing the leakage of the laser light through the Figure 6.20: Magnetization pattern
last tilted mirror. Monitoring both pulses on of 2um 2 um permalloy squares in the
a fast scope enables temporal shifting of the vicinity of the waveguide conductor (vis-
laser pulse with the synchronization electron- ible on the right of the image) before
ics to accomplish a simultaneous arrival time and after performing a delay scan to
of both pulses in the interaction zone. The nd the temporal overlap between laser
correct timing of the gate pulse applied to the pump and soft X-ray probe pulses. A
fast X-ray detector to select the pumped bunch net change of the magnetization pat-
can easily be checked with the stray-light of tern occurred but no signal correlated
the laser pulse. Scattered photons of the UV to the adjusted delay setting could be
pulse hit the detector when removing a 200 nm observed.

thick aluminum stray-light shield located be-

tween zone plate and phosphor screen providing a transmission of 90% at the desired
soft X-ray photon energy. Probing light generated by an unpumped bunch only leads
to the X-ray microscope image visible on the detector. When setting the gate to the
probe bunch coinciding with the pump pulse, additionally a dominant stray-light halo
appears. This procedure assures that the soft X-ray pulse selected by the detector probes
the system in uenced by the laser pulse.

After the achievement of temporal overlap, a ne delay scan was performed monitor-
ing the magnetization of the sample by taking XMCD images for various delay settings.
The anode voltage was set to 1.5kV leading to a current of 1.3 pA at 530 mwW UV laser
power in the laser hutch comparable to the laboratory TR-SKM experiments. Unfor-
tunately, no dynamic signal correlated to the delay could be investigated. Anyway, as
demonstrated in gure 6.20 a change of the initial magnetization pattern was observed
after performing the delay scan indicating that the current pulses might have modi ed
the system. Possibly, the pulses were not strong enough or too short to initiate any
noticeable dynamics. Furthermore, the cathode current was not very stable during the
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6.2. Time-resolved magnetic transmission X-ray microscopy

measurement and dropped over time. The FR4 substrate of the PCB adapter or the
increased vacuum pressure of 510 mbar compared to the TR-SKM setup could have
led to fast degradation of the photocathode under UV illumination. Later, the timing
was rechecked by the procedure described above and the sample contacts were tested to
be operational as well after the laser pump-probe attempts to exclude timing and contact
problems. The stability of the delay between pump and probe pulses was quanti ed by
determining the uctuation of the arrival time between laser and synchrotron pulses on
the photodiodes and a jitter < 17 pslikely limited by the amplitude to phase noise of the
diodes indicated a synchronized operation.

Dynamics triggered by the picosecond pulse generator

The attempt to initiate dynamics with the femtosecond laser system was followed by
replacing the photocathode with the picosecond pulse generator as pump device and the
sample was modi ed according to gure 4.8c to allow connection and impedance match-
ing of the waveguide. The time interval between pump and probe pulses is adjustable
by a delay generator to an accuracy of < 130 psRMS? and was scanned to locate the
temporal overlap. Using the electric pulse generator, the moment of overlap is estimated
by carefully taking into account the signal transit time of all cables with respect to the
XUV photodiode and can only be observed as a change in the XMCD data before and
after excitation. XMCD images were acquired at varied delay settings which leads to a
movie containing the frames presented in gure 6.21. One frame was captured by calcu-
lating di erence images out of the sum of three images exposed for 60s at each photon
helicity. Because drifts of the sample and illumination eld are very unfavorable when
subtracting two added images stacks, the shift of the undulator was changed after every
acquisition to minimize the time between two associated measurements. The movement
of the undulator currently takes about 5min including the time to wait for the beam
guality to recover due to corrections on the electron orbit inside the storage ring near
the insertion device. This means shooting one frame consumes roughly 12 min to 15 min
including camera readout and delay operation time.

The right 2um  2um permalloy square in gure 6.21 is positioned in the gap of
the CPW and the left two squares are located in overlap with the waveguide conductor
and experience the in-plane component of the eld curled around the 10 um wide track.
Additionally visible is a modulated nano-wire partly overlapping with the waveguide. A
current pulse of 130V peak amplitude launched into the 108Vwaveguide corresponds to
a eld of

130V :
| Toum = ° 3 Toum 1'136ﬁm =82mT (6.4)
on the conductor surface according to equation 2.75. This eld is able to align the
magnetization along its magnetic ux line in the temporal overlap and to destroy the
four domain Landau pattern. Considering that the sample is ipped ( gure 4.8c) and
the camera looks at the back side, the squares located below the waveguide are forced
into a single domain state with a net magnetization aligned along thex axis pointing

ohx= 0 5= 03 10pum

3The foreseen ultra-low jitter delay generator SRS DG645 providing synchronization down to 25 ps
RMS jitter was not yet available during these beamtime shifts and was replaced by an SRS DG535 unit
with measured residual jitter of < 130ps
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Figure 6.21: Domain pattern recovery of permalloy elements excited by the magnetic
eld of a current pulse which aligns the magnetization of the left two 2pum 2 um squares
(1 and 2) along thex direction. The domains of the right square in the CPW gap remain.
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(@) Magnetization component M of both (b) Magnetization componentMy of both cir-
squares located on the waveguide. cles located on the waveguide.

Figure 6.22: Gray value of the XMCD contrast images corresponding to the magneti-
zation componentMy in the permalloy patterns on the CPW conductor investigated in
the delay scans.

from left to right just like in gure 2.7. Because we deal with a positive voltage pulse
generating a current of positive charges, the right hand rule applies. The brightness or
gray levels thus shall from now on be addressed as a measure for thlg, magnetization
component where low (dark) levels map a positive alignment together with high (bright)
levels relating to negativeMx amplitudes.

The arti cially created single domain state is energetically unfavorable due to the
emerging stray eld. Correspondingly, the large demagnetization eld inside the material
aligns the magnetic moments back to the ux closure ground state. This rearrangement
happens on a pico- and nanosecond time scale and is probed by varying the delay of the
pump pulse with the result given in gure 6.21. For a detailed analysis, the inverted
brightness (gray level) of the permalloy square XMCD signal is plotted in gure 6.22a
giving insight into the dynamics of the My component. It is not trivial to present ac-
curate statistical error bars for this measurement because just showing the mean gray
value with the standard deviation in the square is inappropriate due to multiple domains
experiencing individual gray levels over the whole square. Spatially distributed mag-
netization components pointing in di erent directions would contribute to the standard
deviation in addition to the shot noise of the detector. To provide an upper limit for
the statistical uctuations, one error bar representing the standard deviation in the most
aligned state during the maximum of the pulse is given in the plot where the in uence of
unequally aligned magnetic components is minimized. The alignment along the current
pulse eld elapses on a fast time scale of roughly 500 ps whereas the decay back to a bal-
anced magnetization distribution consumes more time in the order of 10 ns with a more
drastic decay happening from 0.5ns to 1 ns and a decrease with a moderate slope from
1ns to 3ns. Despite reaching gray levels comparable to values before the pump pulse
after already 7 ns indicating a balanced magnetization, the domain pattern recovery to
the Landau structure visible in gure 6.21 has not nished and consumes in total up to
40 ns for spatial rearrangement of the magnetization.

The micromagnetic simulation usingNmag presented in section 3.3 is able to gener-
ate a spatially averaged output for My as well which is plotted along with the data in
gure 6.22a. The parameters of the dynamich eld were taken from the measured pulse
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pro le and ne-tuned to maximal agreement with the measured data in the reasonable
parameter space. The nal values of ghg = 88 mT eld strength and = 210ps t
nicely the expected values according to equation 6.4 and the pulse duration extracted
from a later measurement in gure 6.26. Moreover, these parameters consistently re-
produce all the here presented dynamic measurements on permalloy squares with and
without an external eld as well as on permalloy circles. The computed trace reproduces
the decay pattern with multiple slope sections qualitatively and almost quantitatively
until the magnetization is balanced after 7ns. By scaling the data to the simulation,
we learn that the square is saturated to 85 % inx direction in the eld pulse maximum.
Also main features of the dynamic domain pattern are resembled. Figure 6.23 shows a
direct comparison between the data in gure 6.21 and the simulation in gure 3.3. The
Zig-zag domains on the top and the small black domain in the bottom are reproduced
well. However, the best match for the substructure in the measured and simulated data
does not occur on the same moment in time. Despite the good temporal agreement of
the averagedMy component, the simulation does not satisfactory reproduce the realign-
ment of the magnetization once theMy amplitude is balanced. ReachingMy = 0 in
the simulation goes along with a Landau ux closure pattern which occurs yet later in
the measurement. There, the four domain state is already prominent at 12.37 ns but
the domain size still is imbalanced. The reason for this discrepancy most probably is a
di ering damping constant  and saturation magnetization Ms between simulation and
experiment. Another explanation could be a less than 100 % reproducibility of the initi-
ated dynamics needed for the pump-probe approach that relies on averaging over many
sequences at a xed delay.

Focusing on the rising edge of the magnetiza-
tion curve elucidates the destruction dynamics of
the thermally stable vortex state. The character-
istics of the vortex are described by itschirality
de ning the sense of rotation of the in-plane mag-
netization around the center and itspolarity of the
core located in the center of the squares pointing
either upward or downward. As shown before in
gure 6.19 this vortex core can be displaced from
the center by applying an external eld that in-
creases the size of the domain aligned along theFigure 6.23: Comparison between
eld direction. Furthermore, using low sinusoidal the simulated and the observed dy-
eld amplitudes in the CPW, the vortex may be namic magnetization pattern of the
driven into oscillation at its gyrotropic eigenmode 2um 2 pum permalloy square.

[205, 101, 21, 201] with the core on a circular tra-

jectory at the corresponding eigenfrequency of several 100 MHz [82, 34, 81, 155, 132, 125].
The equations of motions of the rigid vortex core trajectory are described by the Thiele
model [194] and the sense of gyration depends on the polarity. A slow, adiabatic increase
of the eld amplitude would lead to a growth of the domain in eld direction until this
domain dominates the whole pattern at the saturation magnetizationMg of the mate-
rial. In this case, the vortex core would leave the square on a vertical trajectory. With
strong elds featuring high gradients available in this setup, fast changes compared to
the eigenfrequency of the system can be induced which enables the investigation of out-
of-equilibrium dynamics presented in the XMCD images on the rising slope of the eld

(@) Simulationat (b) Measurement
t=2:08ns att=2:77ns
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6.2. Time-resolved magnetic transmission X-ray microscopy

Figure 6.24: Magnetization dynamics of the 2um 2um 0.03 um permalloy square
on the rising edge of the magnetic eld pulse revealing the trajectory during kick-out of
the vortex core.

pulse (summarized in gure 6.24).

Here, the core is kicked out on a curved trajectory resembling the gyrotropic eigen-
mode of the system [211] which is expectable because the fast external stimulus cor-
responds to a broad spectrum triggering dynamics of modes with minimal losses most
e ciently. The positions and velocities with respect to time are collected in table 6.1
and indicate unusual high domain wall velocities exceeding 1 km/s even when taking into
account the con dence bounds given by the corresponding pixel dimension and the tem-
poral jitter. By driving the vortex into oscillation and gradually increasing the oscillation
amplitude (e.g. by resonant excitation or rising the alternating eld amplitude), the fast
motion should lead to switching of the core before destruction at velocities exceeding
300m/s [133, 83, 211]. This behavior is not detected here and it should be stressed that
the vortex chirality and polarity stay reproducibly constant because otherwise no trajec-
tory would be observable in the pump-probe approach. The reason for a reproducible
vortex con guration must be contained in the magnetic moments not completely aligned
along the eld pulse direction which have to be present due tanax (M) < M . Accord-
ing to the simulation only 85% of the magnetization is pointing along thex direction
(gure 6.22) and the simulated pattern in gure 3.3 suggests that during the maximum
of the eld pulse most unaligned magnetization vectors are found in the bottom domain
originally directed along the x axis. Anyhow, in the simulation a kick-out of the core

Table 6.1: Positions and velocities of the vortex core in gure 6.24. The temporal
uncertainty is dominated by the jitter of 130 ps and the spatial inaccuracy by the cor-
responding length of 40 nm (two pixel). The rst core position de nes the origin of the
coordinate system.

Time t || Position x | Position y Velocity vy Velocity vy
=630 ps Onm Onm (0.1 0.3)km/s | (1.1 1.0)km/s
=430 ps 20nm =218 nm (0.4 0.2)km/s | (1.2 0.6)km/s
=230 ps 178 nm =475nm (1.8 0.8)km/s | (2.1 1.0)km/s
=30ps 733 nm =1069nm || (1.7 0.8)km/s | (1.7 0.8)km/s
170ps 581 nm =1149nm || (0.6 0.6)km/s | (0.4 0.5)km/s
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could not be reproduced and only a symmetric destruction of the domain is evident.
This might be explained by di ering material parameters in simulation and experiment

(see above) or by inhomogeneities of the pulsed eld not included in the simulation. To
verify this hypothesis, a dedicated measurement oMs and should be carried out on

the sample together with a more realistic dynamich eld model in the simulation.

Besides the dynamics of permalloy squares, also circular patterns of 2 um diameter
were investigated resulting in the data given in gure 6.25. Just as the squares, these
structures exhibit a vortex state but with a continuous change of the magnetization
around a core in the center. Here, one circle is located next to the waveguide conductor,
another one in complete overlap and a third one in partial overlap at the edge of the
CPW conductor. The dark grains in the center located in the top and bottom part
of each frame are (non-magnetic) dirt particles most likely from contamination with
conductive silver fragments. An excitation with the same pulse parameters applied in
the experiment shown before, leads to the displayed dynamical behavior. Similarly, the
transient eld aligns the majority of the magnetization into one direction (black contrast)
and a time-resolved recovery of the vortex pattern is explorable.

Obviously, the two circular patterns in contact with the waveguide show a di erent
recovery behavior. The magnetization of the specimen in complete overlap rapidly decays
into a state with two domains in the top and bottom aligned in opposite direction to the
central part which remains more or less stable for 10ns. Afterwards, the disc appears
homogeneously gray indicating a possible irreproducibility of the dynamics at large time
delays. Also before the current pulse no distinct vortex state is observable referring to
an inde nite nal state. An equal probability for both nal chiralities de ning the sense
of rotation of the vortex might explain the gray shape when the black contrast appears
alternately in the top and in the bottom sector. The partly overlapping disc experi-
ences a more complex substructure after excitation but ends up in a vortex with stable
chirality after already 6ns without the metastable state occurring in the neighboring
circle. The di erent nature of the dynamics originates from the spatially dependent eld
con guration. A more homogeneous eld in x direction perpendicular to the current
ow is experienced by the central disk compared to the eld with a strong out-of-plane
component on the conductor boundary. Additionally, the x component only partly acts
on the magnetization of the right disk owing to the limited overlap and the amplitude
of the eld may vary from the center to the edges due to the skin e ect (compare gure
4.3 by bearing in mind that this simulation was performed for spectrally broader pulses
available in the TR-SKM).

Furthermore, the dissimilar action to the encountered elds becomes also discernible
when plotting the brightness of the two discs related to the spatially averagedMy com-
ponent of the magnetization in gure 6.22b. The decay behavior of the discs as well
as the nal brightness levels at large delay settings (150 ns to 250 ns) do not coincide.
Outlined with the data is the simulation of the action on a disk by the same, spatially
homogeneous current pulse employed when computing the dynamics of the square ( g-
ure 6.22a) which ts very well the data of the disk in the center of the waveguide that
is exposed to the uniform part of the eld. The dynamic magnetization output of the
simulation is plotted in gure C.11 in appendix C. The fact that the simulation ends up
in a vortex state while the measurement only shows a gray shade does not matter for
the spatially averaged evaluation because in both cases the net magnetization is zero so
that the computed result remains still valid if the nal chirality is unstable and both
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6.2. Time-resolved magnetic transmission X-ray microscopy

Figure 6.25: Domain pattern recovery of 2um diameter permalloy discs (A and B)
excited by the magnetic eld of a current pulse which aligns the magnetization of the
specimens in overlap with the waveguide conductor along th& direction.

115



CHAPTER 6. Results and discussion

chiralities appear with an equal probability. However, a statistically imbalanced prob-
ability for the nal chiralities may not explain the o set in the nal brightness level in
gure 6.22b for the circle located on the edge of the waveguide because both chiralities
feature a vanishing spatially averagedvly component. Similar to the permalloy squares,
the simulation seems to underestimate the time needed for a complete recovery to the
vortex state after 5ns because in the measurement a gray state rst occurs between 20 ns
to 30ns. In order to reproduce the domain pattern recovery of the partially overlapping
disc, a dedicated simulation with the eld seen by the right particle has to be performed.

Despite the mentioned issues concerning the simulation, the remarkable agreement
between the decay shapes in gure 6.22 for the exact same pump pulse parameters
should be stressed. The major contribution to the dynamics seems to originate from
the geometry and shape of the structure and the imprinted magnetization pattern as
remaining di erence in computations as well as measurements between square and circle
particles.

6.2.3 The pump-probe and reset approach

Toward the observation of the dynamics of non-reversible systems, an active reset to a
de ned initial state has to take place. For this purpose, the coil located at the sample
was operated at the 130.1 kHz repetition rate synchronized to the storage ring. When
rst applying a current to the coil, the whole sample has to thermalize because heat
is dissipated into the silicon substrate and the titanium sample holder despite water-
cooling, minimized thermal contact and the implementation of materials with a small
thermal expansion coe cient. The induced heating results in severe drifts of the sample
position in the eld of view of several micrometers over the next 4h to 6h. Taking
di erence images desired for XMCD contrast is not possible during this time owing to
the rapid position change between two images. Minor drifts could also be observed during
a few hours in the morning when the vacuum chambers were exposed to sunlight shining
through the windows of the experimental hall. Once the whole setup is thermalized, a
stable operation is possible when keeping the power dissipation in the coil at a constant
level. Changing the voltage or the pulse duration introduces new drifts and should be
avoided if a stable sample position is desired.

A rst measurement with running coil after thermalization is presented in gure 6.26
where a reset pulse of 1.5 us was applied after each pump-probe cycle roughly 1 us after
the pump pulse providing a time frame of this duration to observe any initiated dynam-
ics. This pulse aligns all magnetic patterns on the silicon nitride membrane initially into

x direction (white contrast) so that the pulser may induce an excitation through the
+x directed eld (black contrast). During the temporal overlap with the pump pulse, a
darkening of the squares and modulated nanowires on the conductor is obvious indeed.
However, prior to the pulse no ux-closure domain pattern is visible in the permalloy
squares and right after the excitation the black contrast is gone within 1 ns. This obser-
vation suggests the existence of a residual eld at the sample originating most probably
from the remanence of the iron core after the coil current has vanished. In principle this
should not be a problem for the proposed measurements because this o set eld ought
to be compensable by the bias eld of the permanent magnet necessary for the chain dy-
namics. Conspicuous in gure 6.26 is the evolution of the magnetization reversal of the
left square starting at the vertical borders where the demagnetization eld is maximal.
Domain walls are generated and the outer domains enlarge while the central part starts
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Figure 6.26: Dynamics of 2um 2pum permalloy squares and modulated nanowires
featuring 600 nm 400 nm elements excited by the short current pulse with activated re-
set coil. The coil initially aligns the magnetization into  x direction (white contrast) and
during the pump pulse a reorientation into +x direction is observable (black contrast).
The fast relaxation into the initial (white) state directly after the pump pulse suggests a
static parasitic residual eld generated due to the remanence of the iron core.
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Figure 6.27: Simulation of the magnetization dynamics in the top left square related

to the measurement presented in gure 6.26. A static opposing eld of gHex =38 mT

tited at an angle of 5° was assumed. The excitation eld of = 210 ps duration and
oho =88 T amplitude was not altered compared to all other simulations.
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Figure 6.28: Spatially av-

eraged magnetization com-
ponent My of the left square
on the conductor in the re-
set experiment with simula-

tion output and a Gaussian

t suggesting a pulse dura-

tion of =(222 24)ps

to reverse its magnetization at around =100 ps. The angle of the domain wall with re-
spect to the particle boundary indicates a tilt of the iron core eld direction with respect
to the waveguide conductor perpendicular. A diverging action of the right square on the
waveguide boundary may result from a varying eld arrangement as already discussed
above.

The dynamics of the of the left square was also simulated usingmag and the result is
depicted in gure 6.27. The dynamic parameters of the picosecond current pulse remain
unaltered compared to the previous simulations in order to maintain consistency. Addi-
tionally, a static opposing eld of gHex = 38 mT tilted at an angle of 5° with respect
to the waveguide conductor perpendicular was added to account for the remanence eld
of the iron yoke. The agreement between the measured and simulated patterns is quite
remarkable and the simulation is capable of reproducing the dynamics initiated at the
boundaries and the successive switching of the central part frame by frame. Note that
in the simulation two additional frames between 0.3 ns and 0.8 ns are added to reveal the
back-switching passage into the white state because no corresponding data is available
for these delay settings.

Figure 6.28 shows the spatially averaged, magnetization component of the left
square on the waveguide together with the data extracted from the simulation and a
Gauss tyielding a time constant of = (222 24)psclose to the current pulse duration
of 210 ps used in the simulations to reproduce the data. The rising slope of the observed
dynamics is smaller than suggested by the simulation which might be explained by the
synchronization jitter of roughly 130 ps blurring the rapid increase of theM component.
The dynamics of the this magnetization component is possibly governed by the pulse
shape and jitter of the excitation pulse and the reorientation of the magnetization vectors
follows the di erence of dynamic pump eld and the residual eld that takes care of a
fast realignment at positive delays.

Lastly, the observation of non-reversible magnetization dynamics in permalloy chains
and arrays was tackled. As discovered by the simulation in chapter 3, the opposing eld
has to be adjusted carefully. For this purpose a delay setting for observation of a state
after the pump pulse was chosen and the magnet was moved away from the sample so
that all elements in the coupled system are aligned along x direction (white contrast).

In this state the o set eld is too weak to allow a switching chain reaction triggered by
the short excitation pulse. Now, the magnet is gradually moved toward the sample to
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Figure 6.29: XMCD signal of a 7um 3 um array of permalloy nanostructures in par-
tial overlap with the waveguide visible in the right. Each 400nm 100nm element is
separated by 50 nm horizontally and 250 nm vertically. The four images averaged over
several pump-probe and reset cycles were taken consecutively at exactly the same dy-
namic settings (pump pulse amplitude, duration and delay; reset pulse current, duration
and delay; magnet position) and the magnetization changes from image to image indi-
cating a stochastic switching characteristic.

increase the eld and the magnetization state is captured in an XMCD image after every
step. At a position where some of the chains turn black, the eld su cient for switching
should be found. Unfortunately, the measurement turned out to be not reproducible.
Figure 6.29 shows four images averaged over several pump-probe and reset cycles at
exactly the same settings (pump pulse amplitude, duration and delay; reset pulse current,
duration and delay; magnet position) and the magnetization inside the array di ers from
frame to frame. Parts of the chains discretely switch after a random amount of time in
the seconds to minutes range during data acquisition. Further reduction of the magnet
distance allowed to align the array homogeneously to ther x direction but at delays
before the pump pulse no recovery to the initial white state was possible. Also arrays
with larger elements (for example the one depicted in gure 6.17b) and isolated chains
failed to switch reproducibly.

With the piezo motorized* linear stage of the magnet, a position accuracyk 40pm
is easily achievable. In the necessary eld range around 10 mT to 50mT according to
equation 4.8 and gure 4.18, theBy eld component can be adjusted with an accurateness
of < 0:2mT=50um which should be su cient considering the requirement of a stable eld
between 10mT to 15mT according to the simulation in chapter 3.

It remains unclear why reliable switching could not be accomplished. A possible issue
is the residual remanence eld of the iron core after the reset pulse which, however, should
be compensable by the permanent magnet. An unreproducible remanence eld that
has to relax on a long time scale over several microseconds could explain the behavior.
Another concern is the inhomogeneity of the opposing eld and the stray eld components

“Newport vacuum picomotor 8353-V, #6-80 screw, 318 um travel per revolution
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created by the magnet. In the simulation only a strong eld in x direction was modeled
with y and z components in the range of earth's magnetic eld. Inhomogeneities in the
elements and some not completely separated elements may add stochastic components to
the dynamics. For future experiments improvements on reset and o set eld should be
introduced along with e orts in exploring a more stable sample geometry for dependable
switching dynamics.
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Chapter 7

Conclusion and outlook

For the spatial and temporal exploration of magnetic micro- and nanostructures, two
new operational time-resolved imaging experiments have been set up in this work:

The laboratory based time-resolved scanning Kerr microscopeTR-SKM ) imple-
menting a femtosecond laser system with a temporal resolution down t890 fs FWHM
if limited by the laser pulse duration and a spatial resolution ofwg = (553  26) nm
enables static and dynamic measurements on magnetic microstructures. The device has
been used examining cobalt-platinum (Co/Pt) patterns and spin-wave packets in con-
ned permalloy (Ni ggFexg) elements. A novel pump approach o ers broadband, short
and intense current pulses perfectly synchronized to the probe laser via a magnesium
photocathode. The possibility of direct excitation and observation of Damon-Eshbach
and backward volume spin-wave packets in space and time allows a global analysis of
the wave packet parameters as suggested hyiu et. al. [137]. Moreover, the unique
features of the pump pulse allowed direct observation of backward volume modes with
counterpropagating phase and group velocities in permalloy layers for the rst time. In
cooperation with Jan-Niklas Todt an OOMMF simulation is currently being set up
and carried out to check if the simulated output is able to resemble all measured features
[196].

The setup might further be improved by installing a prism stretcher in both the UV
pump and the green probe beam path. An elongated pump pulse reduces space charge
phenomena in the cathode and should increase the extracted bunch charge. Stretched
probe pulses reduce the peak intensity on the sample allowing for more signal acquired
in the photodiodes and thus a superior signal to noise ratio that minimizes the data
acquisition time. The stretcher consisting of two fused silica prisms is already available
and calculated to extend the UV pulse duration to 3ps. First tests integrating the
stretcher into the pump beam path indicate a slightly increased electron bunch extraction
e ciency but systematic measurements have to be performed for reliable results. Another
way to boost the bunch charge of the cathode is applying a higher anode voltage in a
pulsed manner to raise the extraction eld by simultaneously avoiding sparks. The optical
resolution limit dictated by the probe wavelength can be overcome when using the UV
pulses as pumpand probe tool. The optical Kerr microscopy setup based on a re ective
Schwarzschild objective is already available and assembled for enhancing the resolution
up to a factor of two.

With the current setup research on logical units operating with spin-waves should
be feasible and for example experiments proposed liyertel et. al. [88] can be ap-
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proached. The intense current pulses may also allow for switching of Co/Pt bits with
perpendicular magnetic anisotropy by means of the magnetic out of plane component at
the edge of the waveguide and could lead to an investigation of non-reversible dynamics
in magnetic chains and arrays as pointed out in the introduction. Additionally, the setup

is ready for research in the emerging eld of all-optical switching of magnetic structures
with laser pulses of arbitrary wavelength and polarization generated in an optical para-
metric ampli er (OPA) of the laser system with 290fs temporal precision. Due to the
additionally available synchronized pulses from the photocathode, coupling and interac-
tion phenomena between spin-wave packets and electronic pulses can be studied to tailor
future electro-magnetic interfaces.

The synchrotron radiation-based time-resolved magnetic transmission X-ray micro-
scope TR-MTXM ) with a temporal resolution down to 90 ps FWHM limited by the
PETRA 1l soft X-ray pulse duration and a spatial resolution of (62 8)nm according
to the Rayleigh criterion restricted by the micro zone plate optic allows performing static
and dynamic measurements on magnetic nanostructures. The unique high pump eld am-
plitude allows inducing highly out-of-equilibrium magnetization patterns in nanoscopic
permalloy elements by aligning the majority of the magnetic moments into one direction.
The time evolution during destruction and recovery of the domain patterns could be
monitored and is backed up by micromagnetic simulations being able to reproduce key
features of the dynamics. Furthermore, a stable vortex chirality and polarity could be
maintained after recovery which is important thinking of a controlled manipulation of the
vortices utilized as multi-bit memory cell. Depending on chirality and polarity, four dis-
tinguishable states may be stored in a single particle if deterministic writing and readout
is achieved. During destruction of the vortex, also unusually high core velocities could
be observed exceeding the threshold of 300 km/s where vortex switching is expected.

Toward the direction of investigating non-reversible switching processes, the reset
mechanism should be improved by getting rid of the iron yoke that seems to generate
residual elds after the current pulse has vanished. Also the control and adjustment of
the opposing bias eld could be done in a more sophisticated way. Furthermore, the
full- eld TXM may be transformed into a scanning X-ray microscope and bene t from
the high degree of spatial coherence in the beamline rather than dealing with the speckle
disturbances in the illumination eld of the full- eld setup. In order to image smaller
samples, the micro zone plate should be replaced by an optic o ering a reduced outermost
zone width ryn. Zone plates fabricated by focused ion beam (FIB) have already been
tested in this setup [157].

Considering the sample, promising candidates for non-reversible switching experi-
ments are for example Co/Pt dot arrays or permalloy nanotubes like the ones manu-
factured in the group of Kornelius Nielsch [154, 35, 148, 144, 150], both prepared
on silicon nitride membranes. The nanotubes of a few hundred nanometer thickness
would yield a huge XMCD contrast and feature a high aspect ratio being favorable for
adjustable interactions through their stray eld. Although the temporal resolution in
the TR-MTXM setup is limited due to the synchrotron pulse duration, direct switch-
ing of magnetic nanostructures with the synchronized femtosecond laser pulses could be
tackled. Presumably, the dynamics of one small element would elapse too fast to be
reasonably resolved, but one could think of triggering large-scale dynamics in extended
samples like chains, arrays or wires.

The constructed transmission X-ray microscope has also already proven its exibility
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when it comes to the investigation of life-science samples apart from magnetic systems.
Studies on the iron distribution in clay mineral samples were carried out by acquiring im-
ages at the iron absorption edge [1]. Moreover, biological samples were imaged at 530 eV
and 1.3 keV photon energy and the dichroism of amino acids similar to the experiments
by Izumi et. al. [96] was investigated with the aim of providing additional imaging
capabilities to examine non-arti cial samples. The setup will be extended in the future
into a mobile and exible user endstation system with additional scanning, tomography
and uorescence imaging capabilities.

Thinking in bigger dimensions the experiments could be adapted to free-electron laser
(FEL) sources to bene t from the short and intense pulses since techniques toward time-
resolved single shot imaging at FELs are evolving [53, 78]. However, similar to other
FELs, the FLASH facility in Hamburg would need a special soft X-ray polarizer [177]
to be able to provide circular polarization when relying on XMCD measurements. A
better understanding of the dynamics of magnetic systems might also become possible
when combining the setups with terahertz (THz) radiation [170, 106] or high harmonic
generation (HHG) sources [175, 203, 198, 127], both routinely available in nowadays
laboratories equipped with femtosecond laser systems.

Eventually, after designing, setting up and characterizing the new instruments for
time-resolved imaging of magnetic nanostructures, the experiments were able to gain
novel insight considering the dynamics of small magnetic systems excited by now available
uniquely strong and short de ned magnetic eld pulses. In comparison, the TR-MTXM
features a better spatial resolution due to the short soft X-ray wavelength and is sensitive
to the in-plane My and out-of-plane M, magnetization component while the TR-SKM
provides a superior temporal resolution due to the femtosecond laser system and is solely
sensitive to the out-of-planeM, component. The analyzed results of both experiments
also demonstrate the exibility and data quality of TR-SKM and TR-MTXM to explore
forthcoming questions in magnetic research at its fundamental time- and length-scales.
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Appendix A

Calculations

A.1 Electromagnetic waves in magnetized matter

The approach in this section is to derive di erent refractive indices for circularly left-
and right polarized light in magnetized matter. The calculation is based on the article
by Z. Q. Qiu and S. D. Bader in [167]. The electrodynamics involved in this chapter
is carried out in S| units and adapted from the text books ofD. J. Griffiths [77] and
W. Demtrbder  [44].

A.1.1 Maxwell equations

For a start we summarize Maxwell's equations in Sl units [77]:

r E=— (A1)
0
F B=0 (A.2)
. _ @B
 E-= @t (A.3)
r B= g o"o%t (A.4)

In magnetically and electrically polarized matter the equations can be adjusted by using
the polarization P and the magnetization Nt . It is then possible to split the contributions
to the eld in bound charges ,= f P, bound currentsj, = ~ N and polarization

currentsjp = %t generated by the response of the material as well as external free charges

¢ and free currentsj; summarizedin = ¢+ pand] =7 + [+ Tp:
D= ¢ (A.5)
- B=0 (A.6)
@
rE= G (A7)
r H=7;+ @ (A.8)
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with the de nition of the auxiliary elds D and H:

D "oE+P (A.9)
H 1p m (A.10)
0

A.1.2 Magnetized linear media

By assuming a linear response of the material on the action of an external eld given at
low intensities, the auxiliary elds can be rewritten

P B D = "°f1_+{z$_ E (A.11)
%
_$ _ r$
M= o H ) B= oflt, mA (A.12)

with the susceptibility s which is in general a tensor because an outer eld may lead to a
polarization not necessarily parallel to the eld due to di erent crystal axis for example.
The dielectric tensor for a magnetized medium can be expressed with the components
of the Voigt vector Q and simpli es in the polar case (P-MOKE) to an expression only
dependent on the Voigt constantjQj = Q (confer [208, 130]).

0 1 0 1
1 iQ, iQy 1 Q9

L= --r% i0, 1 iQXE; P-MOKE: = ",% iQ 1 0§ (A.13)
iQy iQy 1 0 0 1

.9 . .
When assuming = ;1 and using A.13, the equations A.11 and A.12 may be
rewritten as

D = I{‘i}r E+iE Q and B = g (H (A.14)

Maxwell's equations A.5 - A.8 combined with equation A.14 and the eld ansatzE =
Eo €®* ') a5 well asB = By €®* ') |ead to:

R E+ikK E Q =0 (A.15)
R A=0 (A.16)
R E=1! o H (A.17)
R H= "¢, E+IiE Q (A.18)
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A.1. Electromagnetic waves in magnetized matter

From A.15 - A.18 it is obvious that K, D and B (as well asH') are mutually perpendicular

to each other. One can obtain the equations of motion (wave equation) and the amplitude
of the electric eld by applying the rotational operator again to equation A.7 to

decouple the elds and then using equation A.8:

@ _

f E @tr B (A.19)
I _ @ _
, - F E E = 0 r@tr H (A.20)
. o D
, irf R E +RKPE= f@@:p% (A.21)
, R R E +jRK’E= o ,"o"r@% E+iE Q (A.22)
12 -
, R R E +jRPPE =" sz T E+iE Q (A.23)
) !2 r"r _ i! 2 r"r
, iRj 2 E=RKE +—5—F Q (A.24)

Splitting the electric eld E propagating in K direction into s- and p- polarization

components by inserting
0 1 01
Es 0
Eo = %E,E ; R= %O% (A.25)
Ex k

into A.24 simpli es the equations of motion. As a result the E eld now is not any more
purely transversal and has a component irk direction:

| 2 n il 2 n

I!
Czr L KkK? Eg= sz ' Q &Ex Q «Ep (A.26)
2 k? E,= 2 Q &Es Q &E (A.27)
CZ P~ C2 ﬁ( S % k .

For the eld amplitude vector Eg in equation A.25 this means explicitly:

Eo=Es&s+ Epgy+i Q &Ep Q &Es & (A.29)

By putting A.28 into A.26 and A.27 and neglecting terms quadratic in Q, one obtains
the equations of motion forEs and Ep. This approximation is justi ed because Q is in
the order of 10 2to 10 * (jQj 1) for most magnetic materials. For the P-MOKE case
even no approximation is needed, because there is only @ component in the Voigt
vector and Qs as well asQp vanish. For a nontrivial solution where Es 6 0 and E, 6 0,
the determinant of the approximated equations has to vanish which results in a di erent
refractive index for the eigenvectors of the system.

129



CHAPTER A. Calculations

0 - 1
1 Sk [
det@ ' Q ﬁ(A=O

o T e (A.30)
1Y & Tz
k2 2 2
K2
1 T2 Q &« (A.32)
- rr | q -
k =P 1 Qe (A:33)
[—{z—}
k
1
n F_{‘ij 1 2Q = (A.34)

By inserting the result of equation A.33 into the equations of motion, the eigenvectors
turn out to be the circular polarized modes  of the electric eld with E, = iEs:

01
1
Eg %.§ (A.35)
0

* ; Ep = iEs ) Eg =
0 1
1
Ep= IiEs ) E, = Eq % i§ (A.36)
0
Any linear combination is a solution as well, so in general we obtaiE = E*+ E .
For = the eld becomes linear polarized. Note that for oblique incidence without

the approximation the modes are not completely circular polarized [67].

A.2 Magneto-optic Kerr e ect (MOKE)

In this section the calculation of the Kerr rotation and ellipticity of an arbitrarily mag-
netized multilayer system is summarized following the universal approach published in
[222, 223, 224, 167]. The approach relies on the calculations performed in appendix A.1.

For the theoretical calculation of the Kerr e ect it is useful to describe an incoming,
linearly polarized light beam with an electric eld E as superposition of two circularly
polarized wavesE* and E  which we have identi ed as the eigenmodes of the equations
of motion in magnetized matter (see equations A.35 and A.35 as well as the preceding
calculations in appendix A.1):

0 1
1
E=E*+E with E = % % i§ g(Rx 1) (A.37)
0
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A.2. Magneto-optic Kerr e ect (MOKE)

Figure A.1: Incident, re ected
and refracted beam at a medium
boundary and de nition of the
coordinate systems.

First, starting with a two layer system with one boundary represented by thexy plane.
The vector F in equation A.38 contains thex and y components of the electromagnetic
eld while P contains the electric eld components in the basis of the incident E') and
re ected (E") wave perpendicular Es) and parallel (Ep) to the plane of incidence (cf.
gure A.1). We are now looking for the matrix A relating both representations to each
other.

0o 1 0 1
Ex EL
, Ey E)

F=AP  with F= , P = (A.38)
cBy Es
cBy Ep

The x andy axis are in the Im plane and perpendicular or parallel to the incident plane,
respectively. With the k components taken from equation A.28 the basis transformation
can be expressed as:

Ex = EL+ E! (A.39)

Ey=Eycos*+E) cos +i Q dE, Q €E. sin

Epfcos ™ Ep cos +i Q €E; Q €E{ sin  (A40)

E;= Epfsin® Epsin +i Q dE, Q €E{ cos

Ep"sin © Ep sin i Q €E, Q €E{ cos (A4l
using
Ep =+IE¢ (A.42)
E, = iEg (A.43)
n“sin * = nsin = n sin (A.44)
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Figure A.2: Propagating beams in-

side a magnetic multilayer system.

Because of the unequal indices of re-

fraction n , di erent eigenmodes ex-

perience individual refraction angles
(inspired by [222]).

from equations A.35 and A.36 and Snell's law ( gure A.2) which means to rst order in

Q:

sin ¥ = e%sin 1+ %Q € Ssin (A.45)
1 Q &
. 1 . 1 .
sin = g————sin 1 éQ € Sin (A.46)
1+Q &
S —————
sin 1
cost= 1 — 1 ZQ eatan® cos A.47
. 1 0 s 5 (A.47)
-2
sin 1
cos = 1 — 1+ -Q gtan® cos A.48
1+Q & 2 ( )
and
Ep= E; +E, (A.49)
Es=EJ+E, =i E, Ej (A.50)

obtained with A.43 and A.42 one gets

Q,si®  Qytan 1+cos® E{+(cos +iQysin )Ej

i . . .
* 5 Q;si® + Qytan 1+cos> E{ (cos iQysin )Ej: (A51)
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A.2. Magneto-optic Kerr e ect (MOKE)

Now, we have already expressefx (equation A.39) and Ey (equation A.51) in the

basis of EL and EIL and we can do the same foBy and By with K E = ! B in the xyz
basis by neglecting terms 0f0(Q?):

k
By = '—VEZ TEy (A.52)

in . oon_; in . n
= Z:(Qy sin + Qzcos )E} EE|{)+ Z(Qy sin Qzcos )E{ EE{, (A.53)
ks
By = T°Ex (A.54)
_n i in in ;o in r
= COSE ¢+ % (Qytan + Q7)) E, < COSE ¢ % (Qytan Qz)E, (A55)

With this we have found the so called medium boundary matrix A between those two
media. The problem for a single boundary can be solved by computing the four unknowns
(Efs Elp Ebs, Eby) in the set of four linear equationsA;P1 = A,P,. When introducing
the abbreviations y =sin and , =cos the matrix A reads:

0 1
1 0 1 0
-, . _ , , _
A= Izy Q: leJ; z iQx y+ 2 ITy Qz"‘le: z iQx vy z
ig (Qy y+ Qz 2) n %(Qy y Qz 2) n
n ; ig Qz+ Qy—~ n ; % Q: Qy—2
(A.56)
This reduces in the polar case to:
0 1
1 0 1 0
P2 P2
P-MOKE:  Apo = | 2 Q2 2@ ‘ (A57)
% 2Q n % 2Q n
n 4 %Q n z %Q

In a multilayer system the propagation inside the medium is important, as well.
That is why one also has to know another matrixD called medium propagation matrix
to account for the accumulated phases during propagation. This matrix describes the
evolution of P at any level z inside the medium and is de ned byP(0) = D(z)P(z). The

componentsE} of the electric eld of the four rays inside the medium vary in phase as
described by

0 1 0 1
Es Es
El El
PL =pg P (A.58)
Es Es
r r
S Ep .
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EL (0)= EL (2)exp ik zg

EL (dexp ik dcos (A.59)

ELr (0= E; (2)exp iR z& Eg (d)exp ik dcos (A.60)

This leads to the medium propagation matrix D to rst order in Q:

0 1
Ucosi Usin j 0 0
Usin ; Ucos 0 0
D= (A.61)
0 0 U lcos, U 1lsin,
0 0 U lsin, U lcos,
0 1
U Ui 0 0
Uu;, U 0
(A.62)
0 0 u't .
0 0o u?t, 1
with
U=exp( ikdcos ) (A.63)
kd
1= 5 (Qtan + Q) (A.64)
kd
r= 7(Qy tan Qz) (A.65)

For the extraction of the magneto-optic coe cients one rst has to calculate the
matrix M in P = M P like
0 1

Y G H
M=A?1 AnDnA A @ A (A.66)

- I J

Now one can show that this relates to the Fresnel transmission and re ection parameters
[222]

0 1
tss tsp 1

@ A=G (A.67)
tps Tpp

0 1
fes I

@ Ss sPA - 1G 1 (A.68)
Fps Tpp

and from those parameters the complex Kerr angle for perpendicularsf and parallel (p)
polarized light with respect to the incident plane is computable immediately:
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o . r
s-polarization: x = Lk +i £ = r—ps (A.69)
SS
o . r
p-polarization: x = Lk +i £ = rﬂ (A.70)
pp

A.3 Zone plates

The calculation of the rule for the zone radiiry, is performed in detail here. The path
dierence of equation 2.51 illustrated in gure 2.16 has to be solved tap:

= 1+ 2=p92+r§+pb2+r§ b g:’nE (A.71)
2
) @i riie2’ @F R Fr A= o+ btg (A72)
n 2 #2
) 4 g?+r2 BP+r2 = ng+b+g o> B 2 (A.73)
2 2
, 4 g*+r2 P2 o= n2Z+n (b+ g)+2bg 2r2 (A.74)
4 3
, AP+ P o+t o= n4ﬂ5+ n37(b+ g)+ n? 2pg n? %r2  (A.75)
+n? 2(b+ g)>+4n (b+ g)bg 4n (b+ g)r2 +4’°g> 8bgrz +4r} (A.76)
4 3
;AL @+ PP +n® fri+dn (b g)rp+8bgr = no + nP— (bt g) (A7)
+ n? 2bg+ n? 2(b+ g)?+4n (b+ g)bg (A.78)
2o N+ NP5 (b+ @)+ n? 2 by (b+ g)® +4n (b+ g)by A79)
o 4(g2+ )+ n2 2+4n (b+ g)+8bg '
>_ N (4g+n )b+ n )(4(b+ g+ n)
, Ih= 1620+ g+ n )2 (A.80)
n (4g+n )(4b+n )(4(b+ g)+ n )
) fn 42(b+ g)+ n ) (A.81)
A Taylor series expansion ofr2( ) including the order 2 around = 0 is possible

because in general b;g;f holds. Using the lens equation 2.521=f = 1=b+ 1=g)
results in

135



CHAPTER A. Calculations

2 bgn (B bg+ g?)n? 2

rn b+ g b+ )2 (A.82)
(b+ g)* 3bg
r2 nf +Wn2 2 (A.83)
2 2 2
5 n 3bgr?
r nf + (A.84)
4 4(b 2
1009
1o
n2 2
r2 nf + 2 (A.85)
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Appendix B

Preparation parameters

This chapter summarizes the design and processing parameters adopted during the sam-
ple preparation for TR-SKM and TR-MTXM samples. In general rst the magnetic
system was deposited and on top of it the coplanar waveguide. Concerning the waveg-
uide design the6™ order polynomial ts of half conductor width w=2 vs. ground plane
coordinatey = w=2 + g shown in gure 4.1 according to

i=0
were obtained with the coe cients listed in table B.1.

x6 .
W wi , _w
> 2 with y= > +g (B.1)

Table B.1: Coe cients for the 6" order polynomial t according to equation B.1 of
the copper (conductivity =5:88 10’ S=m) waveguide on sapphire (; = 9:4, tan( ) =
3 10 ®) or silicon (", =11:9, tan( ) =10 3) substrates.

Coe cient TR-SKM (400 um sapphire) TR-MTXM (100 pum silicon)

ag [um] 0.03866 0.01729 0.00333 0.06829

ay [1] 0.090540000 0.000 399457 0.06185 0.00195
a; pm 1 (=0.960467 2.124620) 10°° (=6.32002 1.42876) 107
az pm 2 (9.619240 0.447074) 1678 (1.4495500 0.0432122) 10°°
ag pm 3 (=2.786590 0.439385) 107! | (=2.1419600 0.0620721) 107°
as pm 4 (=2.88459 2.01721) 1071 (1.3246200 0.0419509) 10°%?
ag pm S (1.658190 0.348853) 10718 (=3.058160 0.107121) 10716
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Table B.2: Processing parameters
sapphire substrate without a magne

0fTR-SKM
tic system.

Substrate

400 um A-plane sapphire (AbO3)

Photoresist

Shipley S1813

Spin coating 5000 rpm, 60s, Ramp 100
Bake-out Hotplate 115 C, 60s
Exposure 22mW/cm?, 4 s
Develop MF-319, 40s

Stop DI water

Plasma cleaning
Material deposition

Lift-o

1.3mbar O, plasma, 30s, 300W
5nm Cr, 300nm Cu, 5nm Au

ca. 12 h acetone, ultrasonic cleaning

Table B.3:
sapphire substrate.

Processing parameters ofTR-SKM magnetic structure preparation on a

Substrate

400 um A-plane sapphire (AbO3)

Electron-beam resist
Spin coating
Pre-bake
Electron-beam resist
Spin coating

Bake-out

PMMA-50K
6000 rpm, 60s, Ramp 30
Hotplate 160 C, 30s
PMMA-950K
6000 rpm, 60s, Ramp 30
Hotplate 160 C, 120s

Electron current
Exposure
Develop

Stop

228 pA, 10kV, 10 um aperture
90 uC/cm?
Allresist AR 600-56, 70s
Isopropyl alcohol, 30s

Plasma cleaning
Material deposition

Lift-o

1.3mbar O, plasma, 30s, 300 W
50 nm permalloy (NiggFezp)

ca. 12 h acetone
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Table B.4:

Processing parameters offR-SKM

coplanar waveguide preparation on a

sapphire substrate on top of a magnetic sample.

Photoresist

Substrate 400 um A-plane sapphire (AbO3)
Lift-o resist MicroChem LOR 5A + MicroChem G Thinner (50:50)
Spin coating 4500rpm, 60s, Ramp 250

Bake-out Hotplate 160 C, 300s

Shipley S1813

Spin coating 6000 rpm, 60s, Ramp 250
Bake-out Hotplate 115 C, 60s
Exposure 22mW/cm?2, 5 s
Develop MF-319, 60s

Stop DI water

Material deposition

Lift-o

300nm Cu, 3nm Au

ca. 12 h acetone

Table B.5:
a silicon nitride membrane.

Processing parameters of R-MTXM

magnetic structure preparation on

Substrate

200nm SiRN

Electron-beam resist
Spin coating
Pre-bake
Electron-beam resist
Spin coating

Bake-out

PMMA-50K
6000 rpm, 60s, Ramp 30
Hotplate 160 C, 30s
PMMA-950K
6000 rpm, 60s, Ramp 30
Hotplate 160 C, 120s

Electron current
Exposure
Develop

Stop

177 pA, 10kV, 10 um aperture
130 uC/cm? to 150 pC/cm?
Allresist AR 600-56, 70s
Isopropyl alcohol, 30s

Plasma cleaning
Material deposition

Lift-o

1.3mbar O, plasma, 30s, 300W
10 nm to 30nm permalloy (NiggFexp)

ca. 12h acetone
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Table B.6: Processing parameters of R-MTXM
a silicon substrate on top of a magnetic sample.

coplanar waveguide preparation on

Photoresist

Substrate 200 nm SiRN on 100 ym Si
Lift-o resist MicroChem LOR 5A + MicroChem G Thinner (50:50)
Spin coating 4500 rpm, 60s, Ramp 250

Bake-out Hotplate 160 C, 300s

Shipley S1813

Spin coating 6000rpm, 60s, Ramp 250
Bake-out Hotplate 115 C, 60s
Exposure 22mW/cm?, 5 s
Develop MF-319, 60s

Stop DI water

Material deposition

Lift-o

300nm Cu, 3nm Au

ca. 12h acetone

Table B.7:  Coplanar copper (conductivity

waveguides of the adapter PCBs for theTR-MTXM

5:88 10’ S=m, 35um thickness)
samples with a footprint of

20mm 7mm and a cutaway of 5mm 4 mm size (compare gure 4.7) on 1 mm thick
FR4 substrates (', = 4:8,tan( )=1:8 10 ?). In the photocathode case conductor and

gap are reduced linearly.

Photocathode PCB SMP plug PCB

(laser setup) (pulser setup)
Source impedance 100W 50W
Conductor width 1500um 1000um
Gap size 1673um 166um
Interface impedance 100W 100W
Conductor width 1000um 1000um
Gap size 1310um 1310um
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Additional data

C.1 Time-resolved scanning Kerr microscopy

Figure C.1: Selected frames of another acquired spin-wave movie of a Damon-Eshbach
mode illustrating the transient magnetization in a permalloy slab of 10 um width at six
delay settings.
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Figure C.2: Propagation in x direction at xed y =0 um (top) and transversal modes
at x = 8 um (bottom) with respect to time in a 10 um slab in DE con guration.

Figure C.3: Selected frames of another acquired spin-wave movie of a Damon-Eshbach
mode illustrating the transient magnetization in a permalloy slab of 3 um width at six
delay settings.
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C.1. Time-resolved scanning Kerr microscopy

Figure C.4: Propagation in x direction at xed y =0 um (top) and transversal modes
at x = 7:5um (bottom) with respect to time in a 3um slab in DE con guration.

Figure C.5: Selected frames of another acquired spin-wave movie of a backward volume
mode illustrating the transient magnetization in a permalloy slab of 10 um width at six
delay settings.
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Figure C.6: The top image shows the propagation of the backward volume spin-wave
packet with respect to time at a xed transversal position in the center of the slab
(y = 0um). In the bottom image the spectrum of the transversal modes at a xed
longitudinal position at (x =8 um) is displayed with respect to time.

Figure C.7: Selected frames of another acquired spin-wave movie of a reverse Damon-
Eshbach mode illustrating the transient magnetization in a permalloy slab of 10 um width
at six delay settings.
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C.1. Time-resolved scanning Kerr microscopy

Figure C.8: Propagation in x direction at xed y =0 um (top) and transversal modes
at x =9 um (bottom) with respect to time in a 10 um slab in reverse DE con guration.

Figure C.9: Selected frames of another acquired spin-wave movie of a reverse Damon-
Eshbach mode illustrating the transient magnetization in a permalloy slab of 10 um width
at six delay settings.
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Figure C.10: Propagation in x direction at xed y =0 um (top) and transversal modes
at x = 12 um (bottom) with respect to time in a 10 um slab in reverse DE con guration.
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C.2. Time-resolved magnetic transmission X-ray microscopy

C.2 Time-resolved magnetic transmission X-ray microscopy

Figure C.11: Dynamic simulation of the magnetization in a 2 um diameter permalloy
circle of 30 nm thickness in an initial vortex state excited by a short eld pulse of =
210 psduration and ohg = 88 mT amplitude at to = Ons into positive x direction.
After destruction of the domain pattern, a recovery takes place. Each cone represents
a magnetization vector averaged over several grid units color coded by ite component
(red: positive, blue: negative).

147



CHAPTER C. Additional data

Figure C.12: Another scan of the domain pattern recovery of permalloy elements
excited by the magnetic eld of a current pulse which aligns the magnetization of the
left two 2um 2 um squares along thex direction. The right square in the CPW gap
keeps its four domain pattern.

148



C.2. Time-resolved magnetic transmission X-ray microscopy

Figure C.13: Fine delay scan with low-jitter pulse generator of domain pattern recovery
in permalloy elements excited by the magnetic eld of a current pulse which aligns the
magnetization of the elements in overlap with the waveguide along the& direction.

149



CHAPTER C. Additional data

150



Appendix D

Simulation code

D.1 Landau-Lifshitz-Gilbert solver

MATLAB code used in chapter 3 to solve the Landau-Lifshitz-Gilbert equation numeri-
cally on discrete time intervals.

%% Landau-Lifshitz-Gilbert solver for thin film slabs

% This program solves the Landau-Lifshitz-Gilbert (LLG) eq uation
% for discrete time intervals dt and computes

% the time evolution of the magnetization vector M) —

% for an arbitrary magnetic field pulse —h{) —.

%
% All computations are carried out in Sl units.

%% Constants
% Physical constants used in the calculation

c = 299792458; % Speed of light

e = 1.602176487e-19; % Elementary charge

me = 9.10938215e-31; % Mass of the electron

h = 6.62606896e-34; % Planck's constant

hbar = h/(2 «pi);

muO = 4xpi *le-7; % Vacuum permeability

epsO0 = 1/(muO =c"2); % Dielectric constant

g = 2.0023193048; % Lande factor of an electron
gammal = ge/(2 *me); % Gyromagnetic ratio

%% Simulation parameters

ti = -0.300e-9; % Start time
dt = 50.000e-15; % Time step
simtime = 1.500e-9; % Total simulation time

%% Material parameters
% Here: Permalloy (Ni80Fe20)

A = 13.0e-12; % Exchange stiffness constant
Ms = 1.040/mu0Q; % Saturation magnetization
alpha = 0.008; % Damping constant
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%% Experiment parameters
% Field properties and slab geometry

Hext = 60.0e-3/muo0; % External DC bias field
hO = 15.0e-3/muo; % Pulsed field amplitude
tau = 3.0e-12; % Pulse duration

t0 = 0.0e-12; % Pulse offset

w = 10.0e-6; % Slab width

T = 30.0e-9; % Slab thickness

%% Functions and constants used in the simulation

% Effective slab width weff
d = @(w) 2+pi (Tiw * (1 - 2 xlog (T/w)));
weff = w * dw)/(dw) - 2);

% External pulsed field
hx = @(t) hO *exp (-(t - t0)*2/(2 *tau2));
hz = @(t) -1/4 =hx(t);

% Demagnetization tensor

N = zeros (3,3);

Ny = 1/ pi = (atan (T/weff) - atan (-T/weff));
N(1,1) = 0; N(2,2) = Ny; N(3,3) = 1 - Ny;

%% Simulation
% Do the actual work and discretely solve the LLGE

% Preallocate memory for simulation vectors
clear time; clear M; clear H; clear Heff;

n = simtime/dt; % Number of iterations

time = zeros (1, n, ‘double’ ); % Time vector

M = zeros ([3, n], ‘double’ ); % Magnetization vector

H = zeros ([3, n], ‘double’ ); % External field (DC and pulsed)
Heff = zeros ([3, n], 'double’ ); % Effective field (H - Hdemag)

% Set initial condition

time(1) = i
M(:,1) = [0; Ms; O]
H(:,1) = [hx(time(1)); Hext; hz(time(1))];
Heff(:,1) = H(,1) - N *M(:,1);
% Loop over simulation time in intervals of —dt —
% and carry out LLG computation.
for i = 2:1in
% Fill time vector
time(i) = ti + i * dt;
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% Calculate change of magnetization vector —dM_ according to
% LLGE (dM/dt) on time interval —dt —
dM = (-gammaO+mu0/(1 + alpha”2) * cross (M(:,i-1), Heff(.,i-1)) ...
- alpha *gammaG mu0/( norm (M(:,i-1)) *(1 + alpha™?)) ...
* cross (M(:,i-1), cross (M(:,i-1), Heff(:,i-1)))) * dt;
M(C,i) = M(,i-1) + dM;

% Calculate evolution of H fields
H(,i) = [hx(time(i)); Hext; hz(time(i))];

Heff(:,i) = H(,i) - N * M(:,i);
end
% Rescale magnetization in units of saturation magnetizati on _Ms_
mx = M(1,:)/Ms;
my = M(2,:)/Ms;
mz = M(3,:)/Ms;

%% Display results

% Plot the magnetization and field pulse

p = plot (time *1el2, mz, - , time =1el2, H(1,:)/h0 *max(mz), - );
leg = legend ('Magnetization M _z(t)' , 'Pulsed magn. field h X" )

% Format the plot

set (p, 'LineWidth' , 2)

set (gca, 'FontName' , ‘'Calibri’ );

set (gca, ‘FontSize' , 30);

set (gca, 'FontWeight' , 'bold" );

set (gca, XDir' , ‘'normal’ );

set (gca, 'YDir' , 'normal )

set (gca, 'PlotBoxAspectRatio’ , [4 3 1))

xlim([-300, 1200]);
ylim([-0.025, 0.025));
xlabel ('Time t [ps] );
ylabel ('M_z [M_s]" );
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D.2 Nmag simulation

Example of Python code using the micromagnetic simulation package Nmag solving the
response of a Landau ux closure structure in a 2um 2 um sized permalloy square. The
results are presented in chapter 3.

import nmag

import math

from nmag import Sl, every, at
from nmag.common import *

# Define S| unit abbreviations
ps = Sl(le-12, ) # corresponds to one picosecond
ns = Sl(1le-9, ) # corresponds to one nanosecond

# Define spatial rectangular pulse function
def rect(x):
if abs (x) < 0.5:
return 1.0
elif abs (x) == 0.5:
return 0.5
elif abs (x) > 0.5:
return 0.0

# Define Landau magnetization pattern
def landau((x, y, 2)):

X =x - le6

y =y - le6

z z - 15e-9

if y>x and y > -x and y <= le-6:
mag = (1, 0, 0)

elif y <=x and y >= -x and x <= le-6:
mag = (0, -1, 0)

elif y <=x and y <= -x and y >= -le-6:
mag = (-1, 0, 0)

elf y > x and y <= -x and x >= -le-6:
mag = (0, 1, 0)

else :
mag = (1, 1, 1)

# return magnetisation vector for position (x, y, z)
return  mag

# Create simulation objects

simHD = nmag.Simulation( )
sim = nmag.Simulation( )
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# Define magnetic material (permalloy) with high and low dam ping
PyHD = nmag.MagMaterial(name=  "PyHD",
Ms=SI(800.0e3, "A/m" ),
exchange _coupling=SI(13.0e-12, “J/m" ),
llg _damping=0.5)

Py = nmag.MagMaterial(name=  "Py" ,
Ms=SI(800.0e3, "A/m" ),
exchange —coupling=SI(13.0e-12, "Jm" ),

llg —damping=0.01)
# Load mesh with permalloy rectangles (high damping)
simHD.load _mesh("py —quadrat.nmesh.h5" , [( "guadrat” , PyHD)],
unit _length=SI(5e-9, ‘m"))

# Set initial magnetization pattern (Landau)
simHD.set _m(landau)

# Set magnetic field of the earth at the beamline

Hx = 14.0
Hy = 26.0
Hz = -15.0
simHD.set _H_ext([Hx, Hy, Hz], SI(1, “AIMT))

# Relax the system to initial state
simHD.relax(save = |( ‘averages' , every( ‘'time' , 500 xps)),
(‘fields' , every( ‘time" , 1*ns) )]

# Extract the equilibrium magnetization pattern
# from the damped simulation object

myM = simHD.get _subfield( "m_PyHD")

# Load mesh with permalloy rectangles (low damping)

sim.load _—mesh("py —quadrat.nmesh.h5" , [( "guadrat" , Py)],
unit _length=SI(5e-9, ‘m"))
sim.set _m(myM) # Set the previously extracted pattern
sim.set _H_ext([Hx, Hy, Hz], SI(1, "A/Im")) # Set external field
sim.relax(save = [( ‘averages' , every( ‘time' , 500 xps)),
(fields' , every( 'time' , 1xns) )]

# Rectangular transient external magnetic field pulse
t0 = [sim.time]
def set _H(sim):

t = float ((sim.time - tO[0])/ns) # get time in ns
width _x = 2000.0 # nm
width _y = 2000.0 # nm
width _z = 30.0 # nm
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tau = 0.210 # ns
H_amplitude = 7e4  * math.exp(-(t - 4 *xtau) = 2/(2 xtau ** 2)) # A/m
print , t
print , H_amplitude
def H(n):
X, Y, z = [i/le-9 for i in 1]
factor = H _amplitude \
* rect((x - width —X/2)lwidth  _x) \
* rect((y - width —yl2)lwidth  _y) \
* rect((z - width —z/2)lwidth  _2)

return  [Hx + factor, Hy, Hz]
sim.set _H_ext(H, unit=SI( )
set _H(sim)

# Do not stop automatically
sim.set _params(stopping _dm_dt=0 *degrees _per _ns)

# Relax the system

sim.relax(save = [( , every( , 50 *ps)),
( , every( , 100 = ps, first=t0[0]))],
do = [(set _H, every( , 10 = ps, first=t0[0])),
( , at( » 20 *ns))])
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Circuits

Figure E.1: Circuit diagram of the custom-built coil driver.
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